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Lay Abstract

The Wittig reaction is one of the best ways to make alkenes, a type of reactive bond between two
carbon atoms. A new Wittig reaction was developed and used in the preparation and discovery of
potent inhibitors of aromatase, an enzyme responsible for the proliferation of many breast cancers.
As well, another Wittig methodology was created for the straightforward synthesis of an otherwise
difficult to prepare class of alkenes. In turn, these types of alkenes were used in a novel preparation
of cyclobutanes, a chemical structure that is difficult to make but can impart useful properties to drugs
and materials. Finally, a Wittig reaction previously reported by the McNulty group was used as part of
a chemical synthesis of #ans-dihydronarciclasine, a rare natural product isolated from daffodils. Trans-
dihydronarciclasine was discovered to have antiviral activity and is one of the most potent inhibitors

of the Zika virus discovered to date.
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Abstract

This thesis is primarily focused on the development of Wittig methodologies and the applications of
the product alkenes in organocatalysis and drug discovery. Herein is described an aqueous Wittig
methodology for the synthesis of a-methylstilbenes and their use in the preparation of novel triazole
stilbene inhibitors of aromatase, a clinically validated target for the treatment of estrogen receptor
positive breast cancer. As well, a one-step, stereoselective synthesis of alkenyl phenols was developed.
The method provides easy access to a variety of compounds that contain this synthetically and
biologically important functionality, including natural product phenolic stilbenes. In turn, alkenyl
phenols were used as a key component in a novel organocatalytic methodology for the synthesis of
cyclobutanes in good yields and high enantioselectivity. Notably, this is one of relatively few
asymmetric, catalytic methods for cyclobutane synthesis. Preliminary biological activity of some of
these cyclobutane derivatives is reported, including promising anti-cancer activity. Finally, a ten-step
total synthesis of the Amaryllidaceae alkaloid (+)-#rans-dihydronarciclasine was completed. The
synthesis features an organocatalytic Michael-aldol cascade on a cinnamaldehyde derivative, which was
prepared using a Wittig methodology previous reported by the McNulty group. Importantly, this
compound was found to be one of the most potent anti-Zika compounds reported to date. Future
work should focus on improving the potency and selectivity of the various aforementioned

chemotherapeutics, with concurrent efforts to build upon the novel methodologies discussed herein.
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Biology Impact award for this work

-The asymmetric, organocatalytic total synthesis of #ans-dihydronarciclasine, and the discovery
of its potent anti-Zika activity, as published in ChemistrySelect, 2016, 1, 5895-5899 (reproduced
in its entirety in Chapter 5.4)
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1 Recent Developments and Applications of the Wittig Reaction

1.1 A brief overview of the Wittig reaction

Carbonyl olefinations are among the most strategic C-C bond forming reactions in organic synthesis
as they are typically high yielding and offer excellent positional, regio- and stereoselectivity.! Their
reliability has made their use ubiquitous in total synthesis as well as in pharmaceutical and industrial
processes.”* These reactions often feature the addition of an a-functionalised carbanion to an aldehyde
or ketone to give an alkene product, but reactions using metal carbene complexes are also well known.
Examples include the Horner-Wadsworth-Emmons, Julia-Lythgoe, Peterson, Tebbe and Petasis
olefinations, but the Wittig reaction is the most widely studied and it has played an important role in
this thesis.”"!

First described in 1953, the Wittig reaction involves the generation of a phosphorous ylide via
deprotonation of a phosphonium salt, which subsequently reacts with a carbonyl or carbonyl
equivalent to give the corresponding alkene and phosphine oxide (Figure 1.1)."' The Wittig reaction
can give both (E) and (Z) alkenes and the ratio of these products is affected by several variables, the
most significant of which are the electronic nature of the ylidic carbanion, the presence of lithium

salts, and the non-participating substituents on the phosphorous, ze. if the phosphonium salt is derived

from a trialkyl vs. a triaryl phosphine (vide infra, Section 1.2).

H
H
Ph_ 1 H1 1)Base  pht 2 2 R2&o o R2 i
o oF of R RS gy,
X Ph Ph Ph
Phosphonium salt Ylide Phosphine
oxide

FIGURE 1.1 The quintessential Wittig reaction. Deprotonation of a phosphonium salt generates a
phosphorous ylide, which subsequently reacts with a carbonyl to give an alkene and a phosphine oxide.

1
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FIGURE 1.2 Examples of the effect of ylide stabilisation on (E):(Z) ratios. Non-stabilised ylides are
highly (Z) selective in the absence of lithium salts (A). Semi-stabilised ylides typically give mixtures of
(E) and (Z) isomers (B). Ylides with an anion that is stabilized by an electron withdrawing group are
usually (E) selective (C).

Historically, most research on the Wittig reaction has been on triphenylphosphine derived
phosphonium salts and Wittig reactions have been characterised based on how well the corresponding
carbanion of the ylide is stabilised electronically."” Non-stabilised ylides typically have an alkyl group
as the side chain, and under lithium salt free conditions these ylides offer very high (Z) selectivity
(Figure 1.2, A)."”" Ylides that are stabilised by resonance with neighbouring vinyl or aryl groups are
categorised as semi-stabilised and typically lack stereoselectivity, giving mixtures of (E) and (Z£) isomers
(Figure 1.2, B)."” Stabilised ylides feature anions that are functionalized with electron withdrawing
groups (EWG) and tend to provide olefins with high E selectivity (Figure 1.2, C)."" The high degree

of stereocontrol offered by stabilised and non-stabilised ylides has led to their use in many total

syntheses, while semi-stable ylides are somewhat less useful due to their poorer selectivity.
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FIGURE 1.3 Proposed betaine mechanism of the Wittig reaction. Non-stabilised ylides react rapidly
with aldehydes, leading to the kinetic ery#hro betaine (A). Conversely, addition of stabilised ylides to
aldehydes is slow and reversion facile, thereby allowing equilibration to the thermodynamic #breo
betaine (B).

A substantial amount of research has been dedicated towards elucidating the exact mechanism
of the Wittig reaction in order to improve its utility and stereochemical predictability. All proposed
mechanisms of the Wittig reaction feature the formation of an oxaphosphetane ring that undergoes a
stereospecific cycloreversion to give the product alkene and phosphine oxide. However, the
mechanism by which the oxaphosphetane is formed has been the object of significant study and
debate. For decades, it was widely accepted that the Wittig reaction proceeds via a betaine
intermediate, produced by the nucleophilic attack of the ylide on the carbonyl (Figure 1.3).**°

Differences in (E):(Z) selectivity were rationalized based on differences in the rate of
formation and decomposition of two stereoisomeric betaines due to the electronic nature of the
ylide.*** For example, the addition of non-stabilised ylides to the carbonyl would be rapid and lead to

the kinetic erythro betaine, and reversion to ylide and carbonyl components would be unfavorable

(Figure 1.3, A). The betaine would then convert into the ¢s-oxaphosphetane prior to undergoing a
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cycloreversion to the corresponding (Z) alkene and phosphine oxide. Thus, non-stabilised ylides
would react under kinetic control based on the initial attack of ylide to carbonyl. Conversely, addition
to the carbonyl would be slow and reversible for stabilised ylides, allowing equilibration to the
thermodynamically more stable #hreo betaine and corresponding #ans-oxaphosphetane, the
decomposition of which gives an (E) alkene (Figure 1.3, B).

A betaine mechanism is supported by the fact that deprotonation of non-stabilised ylides with
phenyllithium at low temperature leads to the formation of betaine-LiBr precipitates that decompose
to the corresponding alkene and phosphine oxide upon warming or give 3-hydroxy phosphonium
salts if treated with anhydrous HBr.***"** As well, deprotonation of B-hydroxy phosphonium salts
leads directly to betaines that subsequently form alkene and phosphine oxide products. However,
these only show that phosphorous betaines can form alkene and phosphine oxide products, but do
not prove that betaines are true intermediates in the Wittig reaction, especially in the absence of lithium
salts. Furthermore, betaine intermediates are not observable by P NMR under lithium salt-free
conditions, unlike oxaphosphetanes which are clearly present, and betaines are higher in energy
compared to both reactants and oxaphosphetanes.'*'"

Substantial research, primarily conducted by Vedejs and his coworkers, with more recent
computational work by Aggarwal, Harvey and co-workers, has been used to inform the modern Wittig
mechanism, wherein the phosphorous ylide undergoes a [24+2] cycloaddition with the carbonyl to
directly produce the oxaphosphetane intermediate.””® Under lithium salt-free conditions, it has been
shown that oxaphosphetane formation is irreversible and that equilibration does not occur, with
limited exceptions. Thus, the stereochemistry of the alkene is determined during the initial
cycloaddition and Wittig reactions are under kinetic control regardless of the electronic nature of the

ylide.
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FIGURE 1.4 Cycloaddition mechanism of the Wittig reaction. Non-stabilised ylides react via an early
transition state where the phosphorous has significant tetrahedral character. The cs transition state
minimizes 1,2- and 1,3-interactions. Stabilised ylides proceed via a late transition state where the
phosphorous is essentially trigonal bipyramidal, and the #ans transition state avoids 1,2-interactions.
The addition of non-stabilised ylides to carbonyls is an exothermic process that proceeds via
an early transition state where the phosphorous still has substantial tetrahedral character (Figure 1.4).
Puckering in the cs transition state helps to minimize 1,2-interactions between ylidic and carbonyl
substituents as well as 1,3-interactions between the one of the phosphorous substituents and the
carbonyl that are present in the #rans transition state.”® Subsequent pseudorotation generates the planar
cs-oxaphosphetane, and kinetic data suggests that oxaphosphetane decomposition is the rate limiting
step.” Conversely, the addition of stabilised ylides to carbonyls is a rate-limiting, endothermic process
where the phosphorous has significant trigonal bipyramidal character, consistent with a late transition
state. The transition state leading to the ¢s oxaphosphetane is nearly planar and oxaphosphetane-like,
but it has significant 1,2-interactions due to almost eclipsing ylidic and carbonyl side chains. The #rans
transition state is puckered which mitigates the 1,2-interactions and allows for favorable dipole-dipole
interactions between the carbonyl and ylidic electron withdrawing group.” Semi-stabilised ylides
proceed via a pathway that is intermediate between the early transition states of non-stabilised and the

late transition states of stabilised ylides, typically resulting in poor selectivity for either cs or trans

oxaphosphetane and hence poor (E):(Z) selectivity.
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FIGURE 1.5 Schlosser modification of the Wittig reaction. The presence of lithium salts allows the
formation of lithiated eryzhro-betaines which readily convert to less sterically hindered #hreo-betaines.
Reprotonation at low temperature leads to corresponding (E) olefin.

In reactions where lithium salts are present it is challenging to demonstrate a single predictive
mechanism, but they generally lead to an enrichment of the (E) isomer for non-stabilised ylides.
Solvent choice (e.g. coordinating vs. non-coordinating), lithium salt concentration, and the presence
of even trace amounts of acidic protons or water can have pronounced effects on the stereochemical

outcome of Wittig reactions with lithium present.'>">!%*"

% Results from positive cross-over
experiments demonstrate that lithium salts may facilitate oxaphosphetane reversal when aromatic
aldehydes are used, potentially allowing equilibration to the thermodynamically more stable #ans-
oxaphosphetane and subsequent (E) olefin.* However, this process is not general, as several studies
have demonstrated that oxaphosphetanes derived from aliphatic aldehydes do not undergo reversion
in the presence of lithium salts, even though they readily open to give betaine-lithium salt adducts.”*>*

Lithium salts can also facilitate the base catalyzed epimerization of betaines and 3-hydroxy
ylides.”** This is demonstrated by the well-known Schlosser modification of the Wittig reaction
(Figure 1.5).*** In this variation, excess lithium salts present in the reaction of non-stabilised
phosphorous ylides with aldehydes force the formation of lithium-betaine adducts. The addition of

another equivalent of lithium base causes epimerization to the more stable lithiated #hreo-betaine.

Reprotonation with anhydrous HCI and gradual warming leads to the (E) alkene with excellent
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stereoselectivity. Ultimately, lithium affects the Wittig reaction in several ways and more than one
mechanism may be operable depending on the precise reaction conditions.

Despite the synthetic utility of the classical Wittig reaction, it suffers from several drawbacks.
For example, high (E) and (Z) selectivity can be obtained from the lithium salt-free reactions of
stabilised and non-stabilised ylides, respectively, but semi-stabilised ylides often provide mixtures of
isomers that can be synthetically useless for subsequent transformations. As well, the reaction is
typically performed under anhydrous conditions using pyrophoric bases at cryogenic temperatures, all
of which can be undesirable from a practical synthetic standpoint, especially if sensitive or acidic
functional groups are present. Furthermore, most Wittig syntheses use triphenylphosphonium salts,
resulting in a stoichiometric amount of triphenylphosphine oxide that can be notoriously difficult to
remove using standard chromatographic or crystallization techniques. Various adaptations to the

Wittig reaction address many of these concerns and some major advances are discussed below.

1.2 Advantages of using trialkylphosphines in Wittig chemistry

Triphenylphosphine derived ylides are the most common phosphorous species employed in the Wittig
reaction. However, ylides derived from trialkyl phosphines are also used and offer several advantages
in both reaction handling and stereochemical outcome. Direct access to (E) olefins from non-
stabilised or semi-stabilised triphenylphosphoranes is not tenable using standard Wittig conditions and
instead requires the use of the procedurally more involved Schlosser modification. However, replacing
the phenyl substituents on a triphenylphosphorane with short-chain alkyl substituents (e.g. ethyl,

propyl), results in an entichment of the (E) isomer.”*

This is rationalized through decreased 1,3-
interactions between the phosphorous substituent and the carbonyl in the early transition state leading
to the #rans-oxaphosphetane. Thus, non-stabilised and semi-stabilised ylides can have exceptional (E)

selectivity in the Wittig reaction when derived from trialkylphosphines.

-
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Besides offering improved (E) selectivity, trialkylphosphine derived phosphonium salts can
also enable easier purification of alkenes produced via Wittig reaction. Wittig reactions employing
triphenylphosphonium salts frequently require chromatographic purification of the desired alkene,
even when the reaction proceeds “spot-to-spot”. This is because the triphenylphosphine oxide by-
product is difficult to remove via aqueous-organic partitioning, and chromatography can be difficult
as it tends to streak through columns. Phenol and carboxylic acid functionalized triarylphosphines, as
well as PEG supported phosphonium salts, have been prepared in order to significantly improve the
solubility of the corresponding phosphine oxide in aqueous base. Unfortunately, these phosphines are
not readily available and Wittig reactions employing the related phosphonium salts demonstrated poor
stereocontrol and reactivity."*** Conversely, short-chain trialkylphosphine oxides are completely water
soluble, and alkenes produced by Wittig reactions using trialkylphosphine derived phosphonium salts
can be purified simply by washing the organic phase with water priot to concentration.®

It should be noted that the use of trialkylphosphine derived phosphonium salts introduce the
possibility of multiple sites for deprotonation, potentially enabling the formation of several olefinic
products (Figure 1.6 A). Fortunately, complete regioselectivity in deprotonation can be achieved in
the cases of salts whose corresponding ylide would be classified as stabilised or semi-stabilised. This
is easily explained as the substituent protons should have a lower pKa than the protons on the
phosphorous side chains. However, selective deprotonation for the generation of non-stabilized ylides
is challenging. Recent work by the McNulty group has shown that the presence of pendant acetal
groups can direct deprotonation, likely via a chelation-controlled pathway (Figure 1.6 B).*”' When
the acetal oxygens are two carbons away from the phosphorous, total regioselectivity is observed and
the desired alkene is the only isolable product, but increasing the distance of the oxygen directing

groups results in less selective deprotonation and mixtures of alkene products.
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FIGURE 1.6 Deprotonation of trialkylphosphine derived phosphonium salts. Total selectivity in

deprotonation can be obtained in the case of stabilised or semi-stabilised ylides (A). Selectivity is also
possible for non-stabilised ylides if there is a pendant acetal directing group but is otherwise difficult

B).

An additional consideration for using trialkyl vs. triphenylphosphine in the Wittig reaction is
that it improves the overall greenness of the reaction. While it is difficult to argue that the Wittig is a
green methodology due to the stoichiometric production of phosphine oxide by-product,
trialkylphosphines offer improved atom economy compared to triphenylphosphine. As well, the
ability to purify the alkene without the use of column chromatography can significantly reduce the
solvent burden for a given synthesis. Approximately 15% of anthropogenic greenhouse gasses come
from the use of organic solvents in the chemical industry, and any opportunity to reduce solvent usage
should be lauded.” While the greenness of the Wittig reaction may not be a top priority for a bench
chemist, the synthetic advantages associated with using trialkylphosphine-derived phosphonium salts,

e.g. ease of isolation and improved stereochemical purity, are surely appreciated.
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1.3 Aqueous and organocatalytic Wittig methodologies

The classic Wittig reaction typically uses strong base (e.g. LDA, NaH, #-BulLi), cryogenic temperatures,
inert atmosphere and dry solvent. These conditions are not only operationally difficult, they can also
be dangerous for inexperienced chemists or when performed on large scales. Furthermore, using
strong bases frequently requires the protection of sensitive functional groups and acidic protons,
potentially adding unwanted steps to a synthesis. As well, there has been a significant push in recent
years to replace organic reaction solvents with water to lessen the cost and environmental impact of
synthetic chemistry.”

Besides environmental and economic benefits, water can also greatly increase the rate and
selectivity of a reaction when it is used as solvent.” This is largely explained by the hydrophobic
effect, where non-polar molecules are forced to aggregate in order to alleviate the high entropic cost
of solvation. This increases the effective concentration of the semi-soluble reactants and allows novel
modes of activation at the aggregate-water interface, such as transition state stabilisation via hydrogen
bonding and micellar catalysis.”*>

The application of phase transfer catalysis to the Wittig reaction has been well studied, allowing
the use of aqueous inorganic bases (e.g. NaOH g, KoCOs ) as biphasic mixtures with traditional
organic solvents.””' This addresses one of the main drawbacks of the Wittig reaction, namely the use
of strong bases. Notably, in many reactions the phosphonium salts act as the phase transfer catalyst,
and other catalysts are unnecessary.” Unfortunately, (E):(Z) ratios ate typically poor and highly solvent
dependent, and the concentration and choice of base must be carefully controlled to minimize
competitive aldol and Cannizzaro reactions.”*

Exclusively aqueous Wittig reactions have only recently been developed, despite early evidence

that functionalized styrenes could be obtained using benzyltriphenylphopshonium salts and

formaldehyde in aqueous base.®*” Concurrent work by Bergdahl e a/ and Wu ez a/. in the mid-2000s

10
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FIGURE 1.7 Structures accessible via aqueous Wittig chemistry. A wide variety of functionalized
olefins can be accessed in good yields and high E selectivity from trialkylphosphonium salts using
aqueous Wittig chemistry.

explored the reactions of stabilised ylides in water, rationalizing that aqueous Wittig reactions with
these water-insensitive ylides could benefit from the hydrophobic effect.®”" Indeed, it was found that
a,B-unsaturated esters and ketones could be prepared with high (E) selectivity from the reactions of
various aromatic and aliphatic aldehydes with the corresponding triphenylphosphoranylides at either
room temperature or reflux. Acrylonitriles were also prepared, albeit with lower (E):(Z) selectivity.”
Notably, the reactions proceed faster and are higher yielding in water than in all organic solvents
except methanol, even though the reactants are mostly insoluble in aqueous media.

Perhaps the largest advance in Wittig chemistry in the last decade has come from the
combination of aqueous Wittig chemistry and trialkylphosphine derived phosphonium salts. Research
from the McNulty group has demonstrated that trialkylphosphine derived stabilised, semi-stabilised,
and non-stabilised salts can be used in aqueous Wittig reactions to produce a variety of synthetically
valuable alkenes including styrenes, dienes, trienes, o,3-unsaturated carbonyls or their protected

406,

surrogates, stilbenes and heterostilbenes (Figure 1.7).**"""™ These methods address many of the

11
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common complaints regarding the Wittig reaction, namely difficult access to (E) olefins, the use of
strong bases, low temperature, and organic solvent in both the reaction and purification of the
product. These reactions proceed in water with bases as mild as sodium bicarbonate and the products
precipitate or oil out of solution. In most cases, purification is as simple as washing the product with
water, as any residual salts and the trialkylphosphine oxide are readily soluble in water. Furthermore,
the reactions are highly selective for the E olefin due to the use of trialkyl phosphines (vide supra).

Work by the McNulty group has pushed the mildness of the Wittig reaction even further with
the development of aqueous organocatalytic Wittig methodologies. Inspired by previous reports that
N-sulfonylimines act as carbonyl surrogates in the Wittig reaction, McNulty and McLeod
demonstrated that the amine could be used in catalytic quantities to form an iminium species 7 sitn.”
Thus, the Wittig reaction can be performed under incredibly mild conditions, requiring only aqueous
NaHCO:s (1.0 eq.), 0.1 equivalents of weakly basic or non-basic amines or tosylamide, and stirring at
50 °C. The reaction was proven to be organocatalytic, as the background reactions were very slow in
the absence of amine.

This organocatalytic methodology was then adapted to demonstrate the first biological Wittig
reaction, wherein a phosphonium salt and aldehyde were separately administered to the roots and
leaves of secondary amine-rich C. sepium or P. sativum, resulting in the formation of a UV active reporter
stilbene that was visible in the intercellular fluid of the stem and leaf tissure.®’ The reaction was also
biorthogonal, as the salt demonstrated no reactivity towards naturally occurring aldoses such as D-
glucose.”” Thus, the Wittig reaction has been developed to the point that it can be performed
selectively under mild physiological conditions, a quality that may enable the future development of

biological probes or related applications through biorthogonal chemistry.

12
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1.4 Applications of Wittig chemistry to organocatalysis

The use of the Wittig reaction and the classical synthetic applications of its product alkenes
are well known, even at an undergraduate level. As well, alkenes are frequently substrates for various
coupling reactions and asymmetric transformations, with obvious examples including epoxidations
and diol formation, hydrogenation, cyclopropanations, normal and inverse-electron demand
cycloadditions, Heck cross-coupling, and ring opening, closing and cross-metathesis.** More recently
the Wittig reaction has proven its usefulness in the burgeoning field of organocatalysis.

The term “organocatalysis” was first coined by MacMillan in 2001 following seminal and
almost concurrent work by his group and the Barbas group on secondary-amine catalyzed Diels-Alder

and Aldol reactions, respectively.®™

In the years following this discovery, intense research by
numerous research groups around the world helped establish organocatalysis as a paradigm shift for
organic chemistry.”””" Organocatalysis now encompasses a wide variety of transformations and is used
to describe any process that is facilitated by the use of a non-metallic, organic catalyst. Major
organocatalyst classes include chiral primary and secondary amines, N-heterocyclic carbene, chiral
phosphines, asymmetric proton sources and H-bonding catalysts such as thioureas and squaramides.”
*® Equally varied are the number of activation methods which include HOMO or LUMO activation,
umpoled-carbonyl/acyl anion generation, and SOMO /photoredox catalysis.® ">

Importantly, the Wittig reaction can be used to make many of the substrates used in
organocatalytic reactions. For example, both non-conjugated and o,8-unsaturated carbonyls are
ubiquitous substrates in organocatalysis, as they can be activated by each of the aforementioned
catalyst classes (Figure 1.8). Where not commercially available, these are readily prepared via Wittig

homologations of the corresponding aldehydes (vide supra). Other compounds that can be prepared by

the Wittig reaction and are useful in organocatalysis include styrenes, dienes, vinyl ethers, allenes,

13
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FIGURE 1.8 Common activation pathways in organocatalysis. Conjugated and non-conjugated

carbonyls are frequent substrates in organocatalysis as they can be activated by many different catalyst
classes. Although left unspecified, both nucleophiles (Nu:) and electrophiles (Elec) could be products

of the Wittig reaction.

and various electron-poor alkenes.b 1% Perhaps it is more a testament to the expansive range of

chemistry that can be performed on or by carbon-carbon double bonds, but the Wittig reaction has

maintained its utility in organic synthesis because it can provide access to a wide range of alkenes that

are substrates for novel asymmetric transformations.
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1.5 Conclusions

In the decades following its discovery, the Wittig reaction has been established as one of the most
reliable ways to form carbon-carbon double bonds, a fact that earned Georg Wittig the Nobel Prize
for Chemistry in 1979. Despite this, the mechanism of the reaction has been hotly debated for many
decades and outdated mechanisms are still routinely taught in the classroom. Mechanistic
misunderstandings notwithstanding, the conditions under which the reaction is known to be operable
have grown significantly since the turn of the century. Classic Wittig methods are typically performed
at low temperature, using dry solvent and strong bases. However, it is now known that the Wittig
reaction can be performed in water with simple inorganic bases, and even organocatalytically in living
systems. As well, the Wittig reaction has remained a laboratory staple as the number of applications
for its product alkenes has steadily grown, especially in the fields of asymmetric metal catalysis and
organocatalysis. Most importantly, the Wittig reaction plays a key role in this thesis, where it is used

in the syntheses of novel anti-cancer and anti-viral compounds.
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2 Wittig Derived Inhibitors of Human Aromatase

2.1 Estrogen-receptor positive breast cancer, its prevalence and treatment

Breast cancer accounts for 30% of all new cancer diagnoses in women and almost 15% of all female
cancer deaths.”” As well, approximately 70% of breast cancer in post-menopausal women can be
attributed to overexpression of the nuclear estrogen receptors (ERs) in breast tissue, with the resultant
cancer being called ER positive. Estrogen acts as a growth hormone for many tissues including the
breast, and its binding to the overexpressed ERs leads to mammary cell proliferation and
tumorigenesis. Unfortunately, the rate of ER positive breast cancer has been increasing although this
is partially offset by declining rates of hormone receptor negative breast cancers.

Despite the growing prevalence of ER positive breast cancer, breast cancer death rates have
decreased by 39% from 1989 to 2014, largely due to improvements in early detection and treatment
of the disease.”” Modern chemotherapeutic treatment of ER positive breast cancer typically involves
the administration of selective estrogen receptor modulators, e.g. tamoxifen, which compete with
estrogen binding to the ERs, and aromatase inhibitors (Als).” Aromatase catalyzes the rate limiting
step in the conversion of androgens to estrogens, thus Als such as anastrozole and letrozole reduce
the amount of estrogen present in the body.

Although the co-administration of SERMs and Als is proven to significantly reduce breast
cancer mortality, many patients discontinue their treatment regimen due to the significant side effects
they experience.”> As well, long term estrogen deprivation can lead to resistance and cancer relapse.
Thus, there is a pressing need for the development of new Als. Fortunately, many natural products
exhibit anti-aromatase activity and have been used as promising leads for the design of novel Als.
Recently, A. J. Nielsen and J. McNulty authored a review on the anti-aromatase activity of the main

classes of polyphenolic natural products and the synthetic derivatives derived therefrom, published in
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Med. Res. Rev., 2018, Early View, and it is reproduced below (Chapter 2.2). Immediately following the
review is a paper on the design and synthesis of stilbene-derived aromatase inhibitors, as published in
Bioorg. Med. Chem. Lett., 2019, 29, 1395-1398 (Chapter 2.3). For the latter work, A. J. Nielsen developed
the method and performed all the synthesis, Sergio Raez-Villanueva ran the assays for anti-aromatase
activity, and the manuscript was written by A. J. Nielsen and J. McNulty. Chapters 2.2 and 2.3 are
reproduced with permission; figures were formatted to be in sequence with the rest of the chapter.

2.2 Polyphenolic natural products and natural product—inspired steroidal
mimics as aromatase inhibitors

The discovery of biologically active polyphenolic natural products, including chalcones,
stilbenes, flavanones, and isoflavones as steroidal mimics has proven to be a subject of considerable
importance in medicine. Some of these natural compounds have been shown to modulate key human
metabolic processes via steroidal hormone receptors, or to inhibit crucial enzymes involved in the
biosynthesis of steroidal hormones themselves. Isoflavone polyphenolics such as genistein are well
known for this “phytoestrogenic” biological activity. This review focuses on the ability of select
polyphenolics and their synthetic derivatives to function as steroidal mimics in the inhibition of the
enzyme aromatase, thereby lowering production of endogenous estrogen growth hormones. The
discovery of potent, natural product—based aromatase inhibitors (Als) as hit compounds has led to
the introduction of steroidal-based irreversible inhibitors, such as exemestane and reversible Als such
as anastrozole and letrozole, now standard therapy in the treatment of estrogen receptor—positive
breast cancer and other hormone related indications. Pursuit of this strategy over the last few decades
has been largely successful although complications and challenges remain. This review highlights the
aromatase activity of natural stilbenes, chalcones, and flavanones and synthetically inspired versions

thereof and draws attention to new and under-investigated areas within each class worthy of pursuit.

22



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

2.2.1 — From Selective Estrogen Receptor Modulation to Aromatase Inhibition

Cancer remains the second leading cause of death in the United Sates, accounting for approximately
25% of all fatalities, statistically only slightly lower than the figures for heart disease.' Breast cancer
remains the most frequently diagnosed cancer amongst women and while the incidence rate increased
about 30% between 1975 and 2002, recent statistics show that the incidence rate has now dropped
somewhat and has levelled off since 2002. Nonetheless, breast cancer still accounted for over 250 000
newly diagnosed cases in 2017 in the United States alone, representing 30% of all diagnosed cancers.
More encouraging is the statistically significant increases in the 5-year survival rates that have been
documented over the last few decades.' The overall death rate for female breast cancer has dropped
38% between 1989 and 2014. This success has been attributed to various factors including smoking
cessation, educational awareness, and most importantly, early detection and treatment.
Approximately 70% to 80% of all postmenopausal breast cancer patients have hormone-
dependent, nuclear estrogen receptor (ER)-positive breast cancer.” Estrogen is produced largely in the
ovary and to a lesser extent in adipose tissue, as well as in the placenta during pregnancy. Along with
related metabolites, estrogen functions as a growth hormone for numerous tissues through selective
action at membrane-bound estrogen receptors (mERs) and the intracellular nuclear ERs (ERa and
ERB). While the hormonal treatment of breast cancer dates from the classic surgical interventions of
Beatson in 1895,” modern pharmacological treatments have focused first on selective blockage of ERs*
and more recently on the reduction in the production of endogenous estrogen through inhibition of
the enzyme aromatase.” The use of receptor blockers or selective estrogen receptor modulators
(SERMs) dates from the late 1960s and early 1970s when positive clinical outcomes were reported
with the use of antiestrogenic agents such as tamoxifen (1) (Figure 2.1).° Tamoxifen was originally

developed at ICI Pharmaceuticals as ICI-46474 asa potential birth control agentand was finally
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FIGURE 2.1 Chemical structures of clinically used selective estrogen receptor modulators

tamoxifen (1) and raloxifene (2).

introduced for the treatment of breast cancer in 1977. A second SERM drug raloxifene (2) (Figure
2.1) was found to be ineffective in the treatment of breast cancer, but has found use as a breast cancer
chemopreventive agent in high-risk individuals since 2007.”

Despite the encouraging results with tamoxifen, not all patients with ER - positive breast
cancer respond to it and drug resistance (relapse) is common.® In addition, significant side effects have
been reported including thromboembolism and an increased risk in the development of endometrial
cancer. The development of Als® has been a more recent focus within the pharmaceutical industry.”
Aromatase (cytochrome P450 19A1) is responsible for the final rate-limiting step in the conversion of
androgens such as androstenedione (3) or testosterone (4) to estrogens such as estrone (5) or estradiol
(6) through a multistep process (Figure 2.2). It has also been established that estrone (5) and estradiol

(6) interconvert biosynthetically in postmenopausal women."

Overall, Als act by lowering the
production of endogenous estrogen rather than selectively modulating ERs.

While some details of the conversion of androgens to estrogens by aromatase remain
unknown, the key steps of the process have been largely worked out."" The C19-methyl group of the
androgen substrate binds within a lipophilic pocket to the iron-center of the enzyme, where it is
oxidized stepwise through the intermediacy of a primary alcohol, aldehyde (hydrate), and carboxylic

acid, allowing for subsequent oxidative-deformylation (loss of formic acid), involving cleavage of the

C10-C19 carbon—carbon bond, to yield the aromatic A ring of estrogen.
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FIGURE 2.2 Key biosynthetic pathways involved in the conversion of the endogenous androgens
androstenedione (3) and testosterone (4) to the estrogens estrone (5) and estradiol (6) by the
cytochrome P450 enzyme CYP450 19A1, otherwise known as aromatase.

Since the mid-1990s, three clinically used Als have been introduced for the treatment of ER-
positive breast cancer: the steroidal irreversible inhibitor exemestane (7) and the nonsteroidal
reversible inhibitors anastrozole (8) and letrozole (9) (Figure 2.3)."” From a general structural
viewpoint, synthetic Als frequently contain a lipophilic core as a mimic of the steroidal framework,
hydrogen-bond acceptors as bioisosteres of the substrate carbonyls, and a key donor substituent that

reversibly binds to the heme-containing core of the enzyme. For example, anastrozole and letrozole

are potent, reversible Als that feature two nitrile groups as carbonyl mimics and a 1,2,4-triazole group

Exemestane (7) Anastrozole 8) Letrozole 9)

FIGURE 2.3 Chemical structures of clinically used aromatase inhibitors exemestane (7) anastrozole
(8) and letrozole (9).
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that chelates the heme of aromatase, and their use alone or as adjuvant to initial treatment with
tamoxifen or raloxifene is now the standard-of-care in remission and long-term chemotherapeutic

management of ER-positive breast cancer.*’

2.2.2 — Natural Products as Steroidal Mimics

Natural products of the phenylpropanoid pathway are known to function as steroidal mimics or
phytoestrogens, e.g., the structural similarities of the isoflavone genistein and 17-3-estradiol are well
known.” The secondary metabolic pathway leading to the phenylpropanoid class of secondary
metabolites is totally distinct from steroidal biosynthesis. Steroidal biosynthesis derives from a branch
of terpenoid biosynthesis proceeding via dimerization of farnesyl diphosphate to squalene, squalene
epoxide, and further modification of the tetracyclic triterpenoid core leading to steroids such as
cholesterol and androstenedione. In contrast, phenylpropanoids follow a mixed biosynthetic path
involving an amino acid-triketide incorporation and is outlined in Figure 2.4. The process is initiated
from the amino acids phenylalanine (10a) or tyrosine (10b), which, following deamination with
phenylalanine ammonia lyase, proceeds via the coenzyme-A (CoASH) conjugated cinnamyl starter
unit (11). The biosynthesis involves incorporation of three acetate units through Claisen condensations
with malonyl-coenzyme A, leading to the intermediate 12. This triketide unit may cyclize in various
conformationally restricted pathways leading to the major classes of polyphenolic natural products.
Conversion of intermediate 12 with the enzyme stilbene synthase' involves an intramolecular aldol
process followed by decarboxylation leading to the key stilbenoid natural product resveratrol (13),
which has been the subject of many biological evaluations and claims.'* Further modifications such as
oxidation, methylation, glycosylation, dimerization, prenylation, and combinations of these lead to the

expansive class of stilbenoid derived natural products.”
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FIGURE 2.4 Central secondary metabolic pathways involved in the biosynthesis of aromatic amino
acid-polyketide derived polyphenolic natural products including stilbenoids, chalconoids, flavonoids
and isoflavanoids.

1% involves an intramolecular

Conversion of intermediate 12 with the enzyme chalcone synthase
Claisen process leading to chalcone (14), from which similar modifications leads to chalconoid natural
products. Cyclization of intermediate 14 through an intramolecular oxy-Michael reaction carried out
by the enzyme chalcone isomerase leads to the flavanone intermediate 15, usually as the (2S)-
stereoisomer naringenin (15)."" Oxidation of naringenin with the enzyme flavone synthase'® leads to
formation of a large class of aromatic flavanone natural products that includes the anthocyanidins,

while oxidation with isoflavonoid synthase proceeds through a 1,2-aryl migration leading to the

isoflavone class of natural products, such as genistein (16)."
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While most of the enzymes and natural products derived from the aforementioned pathways
are of plant-specific origin® this exclusivity has been challenged.” Nonetheless, the majority are
regarded as plant-derived secondary metabolites.”* The structural diversity of compounds produced
through these expansive pathways is impressive. For example, the structures of over 8500 flavonoid
natural products alone have been described.” The chemical biology displayed by these metabolites is
equally fascinating, in particular the role of plant-derived polyphenols as phytoalexins,” and the study

of their role in modulating plant-fungal interactions®>’

is a highly active area of what may be called
molecular-level evolutionary biology. One of the key elements involved in these interactions is the
ability of certain of the polyphenols to function as steroidal mimics. The term “phytoestrogen” aptly
describes the role of such polyphenolic compounds that are thus able to interact with signaling
pathways typically modulated through endogenous steroidal signal transduction.

The most well known of these natural phytoestrogen steroidal mimics is the isoflavone
genistein (16) shown in Figure 2.5.” The estradiol receptor is a target for genistein due to the similar
steric positioning of the key hydroxyl groups and the lipophilic nature of the core in 16. Genistein
mimics estradiol and initiates signal transduction through interaction with the ER. This results in
partial agonist activity, activating transcription factors and biosynthesis of the epidermal growth factor

0
receptor.”*”

HO OH
8

O /YJ\
SOLNING

HO HO W

Estradiol (9) Genistein (16) Lovastatin (17) HMG-CoA (18)

HOZ o}
SCoAmJ/\O’//H

(0]

FIGURE 2.5 Structure of the phytoestrogen genistein (16) and its relation to the endogenous
hormone estradiol (9) (top) and the fungal-derived polyketide lovastatin (17) and the enzyme substrate
HMG-CoA (18).
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The ability of a natural polyketide produced through an unrelated pathway to modulate a key
biochemical event via mimicry of an endogenous steroidal mediator of said event represents a
fascinating adaptation and is not restricted to the endocrine pharmacological receptors. Natural
fungal—derived polyketides such as lovastatin (17) are capable of modulating steroid biosynthesis
through inhibition of the enzyme hydroxymethylglutaryl coenzyme A (18) (HMGCoA) reductase,
acting as a transition-state mimic.”’ This enzyme catalyzes the rate-limiting step involved in the
biosynthesis of cholesterol and is the key target of the block-buster statin-type cholesterol lowering
drugs (Zocor, Lipitor, etc.). These examples serve to illustrate that natural products produced through
distinct pathways can modulate the two classic targets of small-molecule pharmacological intervention:
the enzymes by which they are biosynthesized and the pharmacological receptors upon which they
act. The role of the major structural types of the polyphenolics (stilbenes, chalcones, and
flavonoids/isoflavonoids) and synthetic detivatives thereof in modulating estrogenic effects has been
the focus of a significant amount of research over the past several decades. This review focuses on
small-molecule derivatives of these polyphenols as novel Als and pharmacological candidates for the

treatment of breast cancet.

2.2.3 — Stilbenes and Stilbenoids as Als

Stilbenes and stilbenoids are one of the most studied classes of natural products. Naturally occurring
stilbenes such as resveratrol (13), piceatannol (19), pterostilbene (20), combretastatin A4 (21), and
synthetic stilbene DMU-212 (22) are potent antioxidants that have been reported to possess potential
anti-inflammatory, cardioprotective, neuroprotective, antiobesity, antiangiogenic, antiproliferative,

and cancer chemopreventive effects (Figure 2.6).
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FIGURE 2.6 Structures of common natural and synthetic stilbenes.

Resveratrol in particular has been the focus of numerous studies due to its prevalence in red
wines and grapes, and its proposal as the explanation for the popular “French paradox.”” In spite of
the myriad studies touting their efficacy, resveratrol and other natural stilbenes are poor drug
candidates due to their low potency, lack of tissue and target specificity, rapid metabolism, and low-
serum concentrations.” Their lack of specificity also makes their overall biological effect difficult to
predict. For example, resveratrol is reported to be an ER agonist and promote the proliferation of
estrogen-dependent T47D, KPIL-1, and MCF-7 breast cancer cell lines.”>™ However, it causes
apoptosis of both ER positive and hormone independent cell lines at higher concentrations even in
the presence of linoleic acid, a breast cancer cell promoter.” As well, consumption of resveratrol was
reported to increase or decrease breast cancer risk, depending on the dietary source of the
compound.”!

While resveratrol and related stilbenes are poor drug candidates, their structural similarity to
the natural substrates of aromatase has prompted the exploration of synthetic stilbene analogues for
the treatment of ER-dependent breast cancer. Simple exploration of substitution on the A and B rings
of resveratrol has allowed for the development of more potent and selective Als. For example, Sun et

al” identified that 4-aminostilbene (23) was a potential lead compound with an ICsy of 20 pM, four
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FIGURE 2.7 Aminostilbene inhibitors of aromatase with sub-micromolar 1Cs, values.

times more potent than resveratrol (ICso = 80 uM) (Figure 2.7). A library of 44 substituted stilbene
analogues were tested against aromatase in vitro, the majority of which were prepared using a Heck
cross coupling between substituted styrenes and aryl iodides as the key synthetic step.*

This resulted in the discovery of five additional stilbenes with submicromolar ICs, (24 to 28).
The results demonstrated that replacing the amino group with acetyl, aminomethyl, halogen, nitrile,
or nitro groups led to a loss of activity, and changing its position in the ring resulted in a reduction of
activity. Substitution of methoxy groups in the B ring was also explored, and the aminostilbene
analogue of pterostilbene (28) was the most potent stilbene tested (ICso = 0.59 pM).

139

Follow-up screening of 92 resveratrol analogues by Kondratyuk et al” sought to identify

compounds with improved specificity, and the analogues were tested against a wide variety of

NH, NO,
o () SORrYSN S
P A e U
0 0 0 0
> 29 > 30 >

S 3
2.8 uM 0.68 uM 3.9 uM 3.2 uM

FIGURE 2.8 Selective and potent inhibitors of aromatase featuring a simple stilbene scaffold.
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resveratrol’s known biological targets (Figure 2.8). Seven compounds were discovered to be selective
for aromatase, four of which feature a simple stilbene core (29 to 32). Compound 29 was also identified
by Sun et al,* but compounds 30 to 32 suggest that the effect of nitro group substitution may not be
fully understood.

The addition of an imidazole core appended to the resveratrol skeleton has also been identified
as a successful strategy in developing potent and selective Als. This is due to the ability of these groups
to chelate the heme of aromatase, a strategy already validated by anastrozole and letrozole. Molecular
modeling of 28 by Sun et al** lead to the design and synthesis of imidazole-containing nanomolar Als
33 and 34, via a classical Wittig reaction with synthetic intermediate 35 (Figure 2.9). Notably, 35 and
its amine homolog 36 were also potent inhibitors of aromatase. We posit that, in addition to possible
chelation to the heme group, keto-enol tautomerization in situ may allow 35 and 36 to more closely
mimic a stilbene core. The selectivity study by Kondratyuk et al demonstrated that 33, 35, and 36 were
selective for aromatase, as was the alcohol analogue of ketone 36 (37), albeit with somewhat less
potency.”

Concurrent studies by our group identified potent and selective stilbene-inspired inhibitors of

aromatase featuring an 1,2,3-triazole moiety (Figure 2.10).* The inhibitors were prepared in several

OH

5

? Q)O\
O,N N

N
N N H,N H,N
OoN () HN W L (W W
33 N 34 N 35 36 37
0.07 uM 0.036 uM 0.19 uM 1.84 uM 5.32 uM

FIGURE 2.9 Inhibitors of aromatase featuring a heme-chelating imidazole moiety. Stilbene 33 and
synthetic precursors and analogues 35-37 displayed high selectivity for aromatase.
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"
38K;=0.06 M 39 R=MOM: K; = 0.08 uM 41 R.X = MOM, Br; K;= 0.02 uM 43 XY = Br, H; K = 0.07 uM
40R=H K =005uM  42RX=Ac Br K=002uM 44 XY =H, Br,K = 0.02 uM
FIGURE 2.10 Potent and selective aldol derived inhibitors of aromatase featuring a 1,2,3-triazole
moiety.
steps from the product of the aldol reaction between methyl phenylacetate and benzaldehyde, with
both syn and anti aldol adducts capable of strongly binding to aromatase. The compounds were also
screened against human cytochromes 3A4, 1Al, and 2D6, which are involved in xenobiotic
metabolism and are frequently affected by Als. Notably, out of the three most potent compounds (38
to 40), 38 and 39 were totally selective for aromatase and 40 only weakly inhibited CYP2A6 (pKi =
3.15).

Subsequent research in our group explored the effect of halide substitution on the phenyl rings
of these 1,2,3-triazole based Als (Figure 2.10).* Notably, the incorporation of an aryl halide resulted
in an increase in activity, with all tested compounds demonstrating submicromolar K and the four
most potent compounds (41 to 44) exhibiting Ki ranging from 20 to 70 nM. A molecular docking study
confirmed the ability of the triazole to bind to the heme group and suggested that the halide
substituents act as ketone bioisosteres, possibly explaining the modest increase in potency over
previous compounds 38 to 40.*

Other than the incorporation of auxiliary heme-chelating functional groups, replacing the
central alkene of resveratrol with various aromatic heterocycles has been explored as a strategy to

improve their anticancer activity. For example, this strategy was used to improve the antitumor

properties of combretastatin A4 (21).**" A series of 5H-furan-2-ones were prepared by Sanderson et
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47 R =R'=MeO; 3.0 uM

FIGURE 2.11 Stilbene-inspired inhibitors of aromatase with lactone, thiazole and thiadiazole cores.

al,* and three were found to be competitive Als in H295R human adrenocortical cells (45 to 47)
(Figure 2.11). The most potent derivative (45) had an 1Cs) of 1.0 pM, and additional substitution at R
ot R' resulted in a loss of activity.” Replacement of the resveratrol alkene nucleus was also explored
by Mayhoub et al* to find compounds that were selective for either aromatase inhibition, nuclear
factor kB inhibition or induction of detoxifying enzyme QR1 (Figure 2.11). A series of 1,2,4-
thiadiazoles were synthesized using a tricomponent condensation reaction, and it was found that
derivatives with phenyl substituents were inactive against aromatase but bis-pyridyl substituted
derivatives 48 and 49 were 0.2 and 0.8 uM inhibitors. As well, 48 showed total selectivity for aromatase
vs the other resveratrol targets tested. Docking studies demonstrated that one of the pyridine rings of
48 likely chelated the heme of aromatase, while the other was involved in hydrogen bonding in the
active site. Synthetic challenges to making differentially substituted thiadiazoles prompted the switch
to substituted thiazoles, and a series of thiazoles based on structure 48 that would improve hydrogen
bonding in the active site were synthesized via classic condensation chemistry.™ It was discovered that
changing the thiadiazole to a simpler thiazole ring was not deleterious, and that the position of the
pyridine nitrogens had a profound effect on activity, with 51 having an ICs) of 4 nM. In general,

substitutions on either pyridyl ring in 51 resulted in less potent compounds.
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CO,Et CO,Et CO,Et CO,Et
N N N N
. . . N.
N N N N N N N
52 53 54X =Br; K =064 M 56 X,Y = Br,Br; K; = 0.02 uM
Ki=1.41uM Ki=015uM  55X=Cl;K=0.36 uM 57 XY = CL,Br; K; = 0.03 uM

FIGURE 2.12 Stilbene-inspired inhibitors of aromatase featuring a heme-chelating 1,2,3-triazole core.

Synthetic efforts in our group also explored the replacement of the alkene core of natural
stilbenes with a heteroaromatic core.”’ Continuing our exploration of stilbene-inspired inhibitors with
a triazole moiety, a series of 1,2,3-triazoles were synthesized via a novel thermal click reaction between
Wittig-derived B-methoxycinnamates and benzyl azides (Figure 2.12). A small library of novel triazoles
were synthesized, and the most potent (52 to 57) were found to bind to aromatase with a K between
0.02 and 1.4 pM. Notably, we believe these compounds are interacting with the heme of aromatase
via the triazole core as opposed to a pyridine side—group, as in the compounds designed by Mayhoub

* As well, the data support our hypothesis for halides functioning as carbonyl bioisosteres, as the

etal
addition of halogens on either aromatic ring caused a significant increase in activity, and substitution
on both aromatic rings (56 and 57) resulted in a 50- to 70-fold increase in activity as compared with
the unsubstituted 52. Other substituents (e.g., methyl and methylenedioxy) did not result in as
significant of improvements.

Despite a relative lack of literature specifically demonstrating the antiaromatase activity of
stilbene natural products, many synthetic stilbenoids have been developed as potent Als. As well, a
major issue with the druggability of natural stilbenes such as resveratrol is their biochemical

promiscuity, leading to pleitropic effects in vivo. Work by the Cushman, McNulty, and other groups

have identified distinct compounds that display enhanced target selectivity. As such, we think it may
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be appropriate to evaluate the most potent compounds developed to date (e.g. 51) in mouse or animal

models of breast cancer to evaluate the clinical efficacy of these stilbene-inspired inhibitors.

2.2.4 — Chalcones and Chalconoids as Als

Chalcones, exemplified by the central biosynthetic product 14 (Figure 2.4), which is also known as
naringenin chalcone, appear to be much less investigated for aromatase inhibitory activity, although
their general role as phenolic antioxidants is well known. The anticancer activity of chalcone natural
products unrelated to aromatase activity has also been reported.” The presence of an electrophilic
Michael acceptor intrinsic to the chalcone core is considered a negative element in pharmaceutical
design, a factor which may have hampered their development.” Nonetheless, moderate aromatase
activity has been documented for simple chalcones™ and initial structure-activity studies reported.
More potent activity was demonstrated by prenylated” chalcones and more recently dimeric
dihydrochalcones™ have been reported to have moderate activity.

The investigation of aromatase activity of a range of polyphenolic natural products was first
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reported by Le Bail et al.”® Of the 12 synthetic chalcones investigated (Figure 2.13), most proved to
be weak or showed no activity to aromatase. Naringenin chalcone (14) itself was found to be most

potent exhibiting an ICsy of 2.6 pM, while most interestingly the «,3-dihydro analog 58 exhibited no

activity. This result strongly implicates the requirement of the electrophilic Michael acceptor for

OH OMe
3 HO\,;(’)(H(‘: HO\,/\CN)/H(‘: HO’;?E(‘:

|nact|ve 2.8 pM 24.2 uM

FIGURE 2.13 Structure of synthetic chalcones and chalconoids and their selective aromatase
activities.
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aromatase activity, although it is likely that the structural rigidity of 14, or conversely rotational
flexibility of 58, may also be contributing factors. It is not known if 14 acts as a reversible inhibitor of
the enzyme. The 3-hydroxy analogue of naringin chalcone (59) also proved active with an ICs; of 2.8
uM, indicating that substitution at C3 is tolerated. Finally, these authors showed that the free 4-
hydroxyl group is very important as the 4-methyl ether derivative (60) proved nearly 10-fold less
potent. The presence of at least two hydroxyl groups at the 2', 4' and/or 6' positions also appears to
be critical on the chalcone core, although a clear substitution pattern correlating to potent activity is
not evident. The most potent compounds contain the 2',4',6'-trihydroxyaryl polyketide extension and
the overall overlap with estradiol is apparent, again implying the importance of structural rigidity.
Shortly after this study was reported, Lee et al” described the aromatase activity of a wide
range of natural polyphenolics including the unusual 3'-prenylated ferulate ester (61) and coumarate

ester (62) and the likely biosynthetic intermediate (63) (Figure 2.14). The compounds were isolated

61R=0OMe 62 R=H
7.7 uM 0.50 uM

O OH 18uM O OH 33uM

FIGURE 2.14 Structure of chalcones and chalconoids and their selective aromatase activities.
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from a deciduous tree of the Moraceae (mulberry) family. While compounds 61 and 63 showed
moderate aromatase activities of 7.1 and 4.6 pM, respectively, compound 62 proved potent at 0.5 pM
and is thus far the most potent chalcone analogue reported. No further compounds of this structural
type have been reported making relation to the aromatase pharmacophore of 14 impossible. A
lipophilic substituent at the 3'-position is clearly well tolerated and the core chalcone resembles the
active derivatives 14 and 59, and also estradiol. The role of the 3'-substituent in binding within the
active site is unclear. The fact that the potent molecule 62 is 10-fold more active than 61 indicates that
these chalcone derivatives may in-fact inhibit aromatase through a completely different binding mode
via the ferulate and coumarate substituents.

Morte recently, Bajgai et al reported the occurrence two natural 3'-substituted chalcones
derivative 64 and its C4-epimer 65 from a plant of the Annonaceae family. Structurally, these natural
products are chalcone-flavanone dimers, epimeric at C4 and implicating arylation of the chalcone with
a 4-hydroxyl catechin isomer. This is an example of a rarely observed carbon—carbon bond connection
within natural polyphenolics.”” Compounds 64 and 65 were reported to exhibit moderate aromatase
activities of 1.8 and 3.3 uM, respectively. From a structure-activity viewpoint, it is noted that both
derivatives lack the presence of a C4-hydroxyl unit on the aromatic amino acid—derived unit and have
a methoxy substituent at C6'. The presence of a large substituent at C3' and lack of a free C6'-hydroxyl
group are features shared with natural compounds 61, 62, and 63. As the presence of the C4-hydroxyl
group was shown to be required for potency in the simple chalcones (such as 14), the limited structure-
activity relationships (SAR) available so far with compounds 61 to 65 indicate that a completely
different mode of binding is likely for these derivatives.

Considering a general aromatase pharmacophore contained within the chalcone natural

products, we note that only the fully conjugated chalcones, preferably with a strongly electron donating
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4-hydroxy group, exhibit good aromatase activity (Figure 2.13). Given the nature of the active site,” a
logical hypothesis would involve the conjugated ketone carbonyl binding as a Lewis-base donor
coordinating to the heme group of aromatase. The electronic effects and rigidity of the chalcone mimic
the androgen steroidal core with the chalcone carbonyl donor, occupying the position of the C19-
methyl group of the natural steroidal substrates. The natural products 61 to 65 (Figure 2.14) contain
the peripheral rigid chalcone and atre functionalized with a lipophilic and/or bulky substituent. The
active site of aromatase contains a large pocket distal to the heme group in the core, into which the
lipophilic side chains of these inhibitors 61 to 65 may interact. Given the availability of X-ray structural
information and knowledge of the binding characteristics of Als,” the synthesis of a wider range of
designed chalcones with vaulted, lipophilic, phenolic substituents at C3'is indicated as a fruitful avenue

of further research.

2.2.5 — Flavonoids as Als

As a class, flavonoids are the most common polyphenolic natural products produced by plant species,
and they are frequently consumed as part of a healthy diet. As well, they are the most extensively
explored class of natural products in terms of activity as Als. Indeed, the first proof of natural products
acting as Als was provided by Kellis and Vickery,”® when they demonstrated the ability of several
natural flavonoids and alpha-benzoflavone 66 to inhibit aromatase in human placental and ovarian
microsomes (Figure 2.15). Notably, they reported that 66 and chrysin 69 both induced spectral
changes indicative of the heme iron changing from a low-spin to a high-spin state. This is explained
by competitive displacement of the native androstenedione substrate and coordination of the C4

carbonyl to the heme iron.
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66 68 69, R = H; 0.5 uM 71
0.07 uM 8 uM 8 uM 70, R = OH; 1.2 uM 12 uM

FIGURE 2.15 Flavonoids initially identified by Kellis and Vickery as inhibitors of aromatase.
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69 RR' = OH,H; 0.5 uM 74RR'= OH,H; 10.8 uM 774.0 uM
70 RR' = OH,0H; 1.2 uM 75R R = OH,0H; 3 uM
72RR = OMeH; K; = 2.1 uM 76 RR' = OMe,OH; K; = 1.2 uM

FIGURE 2.16 Select flavone and flavanone inhibitors of aromatase.

Since 1984 there have been dozens of reports on the antiaromatase activity of various
flavonoid compounds, and these results have been summarized in several previous reviews.”** In
general, it has been found that flavones (e.g., chrysin 69, apigenin 70, tectochrysin 72,% and luteolin
73%) (Figure 2.16) are more potent inhibitors than flavanones (e.g., pinocembtin 74, naringenin 75,

66

sakuranetin 76, and hesperitin 77), and both are more potent than flavonols like quercetin (71),”

galangin (78),® and kaempferol (79)” (Figure 2.17). Despite their structural similarity to estrogen and
their ability to bind to ERs, isoflavones such as 16 and biochanin A (80) are typically poor Als.””®
Nevertheless, one of the most potent known flavonoid inhibitors of aromatase is rotenone (81), a

prenylated isoflavone derivative.” Based on its complexity, it is possible that 81 binds to the active site

of aromatase via a different method than other flavonoids (Figure 2.18).
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78 R=H, 12 uM 16 R = OH, n/a 81 0.30 uM
79R=0H,K =27uM 80 R =OMe, 10.2 uM

FIGURE 2.17 Select flavonol and isoflavone aromatase inhibitors.
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FIGURE 2.18 Flavonoids with differential activity towards aromatase based on their ability to chelate
the heme of aromatase.

These differences in activity between different flavonoid natural product classes have been
explained by several computational studies, which demonstrate that coordination by the C4 carbonyl
to the heme of aromatase is a key interaction, and that steric hindrance of the carbonyl (e.g., by the
C3 hydroxyl or C3 phenyl group of flavonols and isoflavones, respectively) can significantly reduce
the inhibitory activity of the flavonoid.”"* An example of the importance of heme chelation can be
seen in the difference between 8-prenylnaringenin (82) and  isoxanthohumol  (83), isoflavones
present in hops (Humulus lupus) and beer, which differ only in the substituent at C5 but display
dichotomous activity toward aromatase.”* The presence of the methoxy at C5 in 82 may act as a

steric shield, blocking the interaction between the carbonyl and heme group. The importance of
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FIGURE 2.19 Potent synthetic flavonoid Als substituted with aromatic heterocycles at C3.

binding to the heme group is further demonstrated by the general lack of antiaromatase activity
demonstrated by flavan-3-ols such as catechin (84), which lack the chelating C4 carbonyl.”>”
Interestingly, theaflavins (e.g., 85) are produced by the enzymatic oxidation of catechins and are potent
inhibitors of aromatase, possibly due to heme coordination by the tropolone pseudocarbonyl.
Considering the wealth of knowledge surrounding the interaction between natural flavonoid
and aromatase, significant effort has gone into developing Als that incorporate heme-chelating
heterocycles appended to a flavonoid scaffold. In general, these heterocycles are appended to C2 or
C3 of the flavonoid skeleton, or directly replace the C4 carbonyl. Substitution at C3 was first explored
by Recanatini et al”’ in 2001, where it was discovered that adding an imidazole ring to C3 of 7-
methoxyflavone via a methylene linker resulted in a submicromolar inhibitor of aromatase (86) (Figure
2.19). Interestingly, exchanging the imidazole group for a 1,3,4-triazol-1-yl moiety resulted in a
compound that was completely inactive (not shown). Later work by Gobbi et al”® explored the effect
of substitution in the A and B rings of 86 (87 to 92), resulting in a 45 nM lead compound (90). In
general, it was discovered that substitution at 4' on the B ring was better tolerated than substitution
on the A ring, and that electron withdrawing groups at this position led to more potent inhibitors.
Incorporating a pyridine ring at C3 is also tolerated, as evidenced by compounds 93 to 95.
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Pouget et al™ showed that a linking a pyridine-4-yl at C3 via an E alkene led to potent inhibitors (93
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96 R,R'= OBn,H; 0.21 uM 99 R = allyl; n/a 101 R = OMe; 0.77 uM 103 18 uM
97 R.R'= OH,OMe; 0.22 uM 100 R =benzyl;n/a 102 R = OBn; 0.52 uM
98 R,R' = biphenylmethoxy,H

0.079 uM

FIGURE 2.20 Potent synthetic flavonoid Als substituted with aromatic heterocycles at C2.

and 94). The authors were unable to fully purify the Z isomers of 93 and 94 but reported that the
mixtures enriched with the Z isomer were three to four times less potent. As well, work by Bonfield

1 found that a synthetic isoflavanone with the B ring replaced by a pyridine-3-yl group (95) was a

eta
low-micromolar inhibitor aromatase, which is a substantial improvement over natural isoflavanoids
that are typically inactive.”

Substitution of various heterocycles at C2 has been explored by the Brueggemeier group. In
2004, Kim et al*® demonstrated appending a pyridin-4-yl group to C2 via a flexible thiomethylene
group generated potent inhibitors of aromatase (96 and 97) (Figure 2.20). The pyridine was critical for
the antiaromatase activity as replacement of the groups at C2 with allyl or benzyl groups resulted in a
total loss in activity (99 and 100). Later work by Hackett et al** explored the effect of replacing the
pyridine moiety with imidazole and 1,2,4-triazole groups (101 to 103). The imidazole derivatives were
potent inhibitors, albeit less than the previous pyridyl derivatives, but substituting with a triazole
significantly reduced activity. This result was rationalized using density functional theory (DFT), which
demonstrated that the HOMO of the imidazole derivative places more electron density on the

nitrogen heterocycle than the HOMO of the triazole derivative. The increased electron density

corresponds with an improved ability to bond to the iron of the heme group, and a corresponding
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increase in potency. Further optimization has been performed on the 3-pyridine substituted
derivatives, and it has been found that the addition of an even larger hydrophobic group off C7 can
increase activity significantly (98).* We posit that this improvement in activity can be explained by the
hydrophobic group accessing the large binding pocket distal to the aromatase active site. It is also
worth noting that all these derivatives are significantly more active than the generally inactive
isoflavonoid natural products by which they were inspired.

There have been several publications that explore substituting the C4 carbonyl with a more
potent heme-chelating heterocycle (Figure 2.21). Flavanoid derivatives with an imidazole group at C4
were found to be potent inhibitors of aromatase, with ICss of 41 and 91 nM (104 and 105).*
Interestingly, the imidazole derivatives were one order of magnitude more potent than the
corresponding 1H-triazole derivatives (106 and 107), and two orders of magnitude more potent than
the 4H-triazole derivatives (108).> As well, it was found that a free hydroxy at C7 was mote active
than a methoxy at the same position. The results from Kellis and Vickery™ that benzoflavone is a
more potent inhibitor of aromatase than flavanone was used as an inspiration for the synthesis of

benzoflavone derivatives 109 to 111, which demonstrated a slight improvement of the activity of 104

and 105.%
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104 R=0H; 0.041 uM 106 R = OH; 0.43 uM 108 31.6 uM 109 R = H; 0.036 uM
105 R = OMe; 0.091 uM 107 R = OMe; 1.4 uM 110 R = CN; 0.034 uM

111 R = OH; 0.032 uM

FIGURE 2.21 Potent synthetic flavonoid Als substituted with aromatic heterocycles at C4.
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Besides providing a privileged scaffold for the development of novel Als, natural flavonoids
exhibit other biological activities that may be exploited for the treatment of breast cancer. For example,
a diverse set of flavonoids including apigenin, quercetin, genistein, biochanin A, and luteolin have
been found to downregulate the expression of aromatase in either human granulosa-luteal cells or
MCEF-7 cells.®**"*® Conversely, hesperitin increases aromatase messenger RNA levels in MCF-7 cells
but was also found to prevent letrozole-induced bone loss in mouse models of breast cancer.’* The
ability to reduce aromatase expression, or mitigate the negative side effects of current Als, may offer
alternate or complementary strategies for the treatment of ER-positive breast cancer and could

provide future avenue of research for synthetic flavonoid derivatives.

2.2.6 — Conclusion

There is a pressing need for new Als. While currently used as standard treatment, the inhibitors
anastrozole and letrozole suffer from significant side effects, including hot flashes, weight gain, and
insomnia.” As well, up to 50% of women using Als experience significant muscle and joint pain,
resulting in 20% discontinuing Al therapy despite its proven ability to significantly reduce the long-
term risk of death from breast cancer.”

The goal of this review was to highlight the promising antiaromatase activity demonstrated by
a variety of natural polyphenolic compounds and the synthetic inhibitors derived therefrom. However,
we also want to emphasize the fact that while unmodified natural products can provide inspiration as
potential lead compounds, they are generally unsuitable as drug candidates. As well, many
polyphenolic natural products have been reported to either possess no activity toward aromatase or
to be micromolar inhibitors of aromatase, depending on the specific assay used. An excellent example,
but by no means the only example, is provided by genistein (16). It has been reported to induce

aromatase and negate the effect of fadrozole in breast adipose fibroblasts in vitro” and promote
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proliferation of estrogen-dependent human breast cancer MCF-7 cells both in vivo and in vitro.”
Conversely, it was found to have no effect on aromatase activity in human preadipocytes,”
adrenocortical carcinoma cells,” and human placental microsomes,” but was found to inhibit
aromatase (ICso = 3.6 pM) in healthy mammary fibroblasts.”

A lack of standardization in assays, combined with the promiscuous biological activity of
polyphenolic natural products, makes it difficult to determine the true extent of activity of the
compounds tested. For example, compounds that are inactive in microsomal assays may be active in
cell-based assays after undergoing metabolism to an active intermediate, and vice versa. Conversely, a
promising lead may be ignored if the compound is inactive in the specific cell line tested, despite the
fact that the antiaromatase ability of these compounds is frequently tissue-specific. A compounding
issue is the fact that single cell-type assays do not adequately mimic the dynamic environment present
in breast cancer tumors. As well, many of the compounds discussed above suffer from poor oral
bioavailability. Perhaps tellingly, Saarinen et al®® found no evidence of in vivo activity of aromatase-
inhibiting flavonoids after oral administration to rats at doses substantially higher than what normally
occurs in human diets.”

Natural product polyphenolics evolved as mediators of molecular-level interactions in their
native environment, and we may confidently assume, not as human pharmaceuticals. No class of
polyphenolic better describes this issue than the curcuminoids, isolated from Cwreuma longa (tarmeric),
the source of the common household spice turmeric. Many publications describe important biological
activities attributed to curcuminoids; however, only much later was the poor gut absorption and very
low plasma concentration of these metabolites investigated.” Gut penetration and plasma
concentration, i.e., pharmacokinetic assays, should be considered early in any investigation considering
the translation of natural product biological activity to modulate orally deliverable pharmacodynamic

activity, such as aromatase activity.
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Despite the challenges, natural polyphenolics have proved themselves extremely valuable in
providing active hit compounds in the discovery of potent Als. Lead synthetic Als, based upon such
polyphenolic core structures, often possess significantly more potent aromatase inhibitory activity and
can be designed to optimize the human pharmacokinetic and pharmacodynamic properties for oral
delivery. Clearly this overall strategy, originating with tamoxifen, is working. Future work must focus
on the development of potent and selective Als with fewer side effects than current treatments. The
discovery of new phytoestrogens will continue to provide an excellent starting point for this endeavor.
Promising results have been obtained by incorporating or appending heme-chelating heterocycles to
promising stilbene and flavonoid scaffolds, and potent chalcones highlight the existence of a large
hydrophobic binding pocket in the target, largely unexplored, that may lead to more potent and
selective leads. These results, with due attention paid to the pharmacokinetic requirements not
considered in the discovery of the native polyphenols, assure a continued supply of structurally novel

leads as potential clinical candidates in this important field.
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2.3 Synthesis of a-methylstilbenes using an aqueous Wittig methodology and
application toward the development of potent human aromatase inhibitors

Breast cancer remains the most frequently diagnosed cancer in women with 250,000 diagnosed cases
in the US (2017), comprising 30% of all new cancer diagnoses and 15% of cancer fatalities.' While the
incidence rate increased about 30% between 1975 and 2002, recent statistics show it has plateaued
since 2002. More encouraging is the significant increase in the 5-year survival rates that have been
documented over the last few decades.’ The death rate in female breast cancer dropped 39% between
1989 and 2014. This success has been attributed to various factors including smoking cessation,
educational awareness, and most importantly, early detection and treatment. Chemotherapeutic
intervention for estrogen receptor (ER) positive breast cancer is largely based on mitigating the
proliferative effect of estrogen on breast tissue via the administration of selective estrogen receptor
modulators (SERMs) and/or aromatase inhibitors (Als).” SERMs such as tamoxifen (1) compete with
endogenous estrogens for binding to the ERs, while blockbuster Als such as anastrozole (Astra-
Zeneca) (2a) and letrozole (Novartis) (2b) reduce overall estrogen levels through inhibition of
aromatase (cytochrome P450-19A1), the enzyme responsible for the rate limiting step in estrogen
biosynthesis.

While long-term Al therapy is significantly associated with reduced cancer recurrence and
mortality, patients often experience significant side effects and may discontinue treatment.” In
addition, long term estrogen deprivation can lead to resistance to treatment and cancer re-occurrence.
New treatment protocols using Als in combination with kinase inhibitors such as abemaciclib (Lilly)
and ribociclib (Novartis/Astex) have recently been introduced. Despite the development of promising
natural product-inspired leads by several academic research groups,” the clinical development of new
aromatase inhibitors has been minimal since the approval of 2a and 2b in the mid-late 1990s. Thus,

there is a pressing need for the development of new Als.

55



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

FIGURE 2.22. SERMs (1) and Als (2) used clinically for the treatment of ER-dependent breast
cancer. Androstenedione (3) and a dihydro-stilbene type Al (4) previously reported by our group.
Previous work in our group resulted in the discovery of potent and selective Als based on a
conformationally flexible dihydrostilbene scaffold (4).” Preliminary data showed compounds such as
4 to be more potent than their corresponding non-halogenated analogues, allowing us to develop the
hypothesis that the aryl halide groups may function as ketone bioisosteres, overlapping with the ketone
functional groups of the natural substrates, such as androstenedione (3). Inhibitors such as 4 are
conformationally flexible with several central rotatable bonds, and we considered that analogues with
greater structural rigidity might better mimic the core of the native steroidal substrates or SERMs such
as tamoxifen and could result in more potent Als. This led us to consider the (E)- and (Z)- unsaturated
triazole stilbenes 5 and 6 (Scheme 2.1), which could be accessed in several steps from a-methylstilbene
derivatives (7). In this paper we discuss a facile synthesis of structurally rigid a-methylstilbenes, their
conversion to potent aromatase inhibitors and further insights into the role of aryl halides as ketone

bioisosteres.

|» ) ) )
| | — | — |
X O Het X O Het X Br X
5 6 7

SCHEME 2.1. Proposed heterocycle (Het) substituted stilbene Als 5 and 6 are accessible via allylic
bromination and substitution on a-methylstilbenes such as 7.
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SCHEME 2.2. Retrosynthetic analysis of 7 reveals two obvious synthetic routes. Path A, involving
olefination of less reactive acetophenones is difficult whereas Path B, involving olefination of aromatic
aldehydes proved to be a highly efficient route to these novel Als.

Our group has extensive experience in the development and application of non-classical
aqueous Wittig reactions using short-chain trialkylphosphines (PEt; and PPr3), and we imagined that
the desired a-methylstilbene derivatives could be prepared by such a methodology.® We first
considered the reaction of benzyl ylides with ketones, however this proved to be inefficient (Scheme
2.2, Path A).% Switching the reaction partners, we decided to investigate the reaction of aldehydes with
a-methylbenzyl phosphonium salts. While significantly less common, such phosphonium salts could
be accessed from the reaction of a phosphine with a-methylbenzyl bromides (8) which, in turn, could
be obtained from the hydrobromination of substituted styrenes (Scheme 2.2, Path B).

Substituted styrenes were readily synthesized from formalin using a previously reported
aqueous Wittig methodology.” To achieve selective hydrobromination on these styrenes, we were
attracted to a literature method employing phosphorus tribromide and a silica gel catalyst, a process
that appears to have attracted little attention.” While typical conditions for styrene hydrobromination
requite the use of dry HBr gas, the PBr;/SiO; method proved highly efficient (Table 2.1) and
proceeded with complete regiocontrol. The reactions are performed in open air at ambient
temperature and are typically finished within 45 minutes. As well, the reactions proceed cleanly despite
the potential for cation-induced styrene polymerization. In all cases, the crude reaction mixture could

be filtered, concentrated and the a-methylbenzyl bromide used without further purification.
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TABLE 2.1 Synthesis of a-methylbenzyl bromides and substitution with tripropylphosphine

o®
1) PBrs (0.4 eq.) Br BrioPrs
©/\ Sio, @2\ 2) PPr; (1.05 eq.)
> DCM, rt, 45 min - DCMi gh? oy -
Entry X= Step 1 Yield® Step 2 Yield®
1 H 8a (98%) 9a (98%)
2 4-Cl 8b (94%) 9b (91%)
3 4Bt 8c (93%) 9c (98%)
4 41 8d (95%) 9d (93%)
5 3-Br 8e (94%) 9e (93%)

a) isolated yields.

Initially, the reaction between (1-bromoethyl)benzene and triphenylphosphine was explored
as a model reaction for the synthesis of the desired a-methylbenzyl phosphonium salts. Previous work
states that the desired phosphonium salt can be isolated in 88% yield by refluxing the above reagents
in toluene for an extended period of time.® Following this same procedure, we were only able to isolate
the triphenylphosphonium salt in 66% yield. Significant elimination and styrene formation was noted
by '"H NMR. Due to the poor yield using triphenylphosphine, the alternative methodology using the
more nucleophilic tripropylphosphine was developed. Satisfyingly, the addition of a slight excess of
tripropylphosphine to the benzyl bromides 8a-e at 0 °C with warming to room temperature cleanly
yielded the desired phosphonium salts 9a-e in excellent yields (Table 2.1). The reactions were
completed after stirring overnight and no detectable reformation of styrenes was noted. As well, the
pure salts could be isolated by simply evaporating the solvent and rinsing the resulting solid with ether
or ethyl acetate. Importantly, the entire process for preparing these salts (i.e. styrene synthesis,
hydrobromination, and substitution) could be performed in a 24-hour period, making the

methodology much faster than the synthesis of analogous salts using triphenylphosphine.
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TABLE 2.2 Synthesis of a-methylstilbenes via aqueous Wittig reaction

O
o Y
O®
Br PPrj Y |
: | (1.0 eq.)
LiOH (1.5 eq.) O
X H,0, 100 °C X
9a-e Ta-i
Entry Salt Y= Yield® (E):(2)°
1 9a H 7a (97%) 29:1
2° 9a H 7a (80%) 3.0:1
3 9a Cl 7b (88%) 3.7:1
4 9a Br 7c (91%) 3.0:1
5 9b H 7d (93%) 23:1
6 9b Cl 7e (85%) 1.9:1
7 9c¢ H 7f (95%) 2.1:1
8 9c Br 7g (86%) 45:1
9 9d H 7h (90%) 23:1
10 9e H 7i (92%) 2.5:1

a) Performed at 70 °C. b) Isolated yield. ¢) Determined by "H NMR.

We next pursued the reaction of the above salts 9a-e with substituted benzaldehydes under
aqueous Wittig conditions. Initial attempts using the unsubstituted tripropylphosphonium salt 9a and
benzaldehyde with aqueous lithium hydroxide at 100 °C overnight gave the desired a-methylstilbene
in 97% yield (3:1 E:Z). The reaction proceeds more slowly at lower temperatures, with an 80% yield
obtained after heating overnight at 70 °C. Similar yields and (E):(Z) ratios (~2.3:1) were obtained using
all salts prepared (Table 2.2).

To compare our aqueous Wittig method to more classical conditions, a reaction was
performed with the unsubstituted a-methylbenzyl tripropylphosphonium salt and benzaldehyde using
n-BulLi in THF at -78 °C with warming to room temperature. The yield proved to be substantially
lower (32%) and the (E):(Z) (3.2:1) ratio was not significantly better. Moreover, the product required

purification using column chromatography. A major benefit of the aqueous methodology is that the
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SCHEME 2.3 Synthesis of stilbene derived Als. Reagents and conditions: (a) NBS, BPO, benzene,
70 °C, 4h; (b) NaN;, ACN, rt, 12 h; (¢) TMS-acetylene, Cul, THF, 50 °C, 12h; (d) TBAF, THF, 50
°C, 12h; (e) Separation over silica gel; (f) Raney Ni, MeOH, rt, 12h. (g) NaH, 1,2/4-triazole, THF, 0
°C — 1t, 36h.

product precipitates from solution and is readily isolated via filtration and washing with water, as all
salts and the phosphine oxide side-product are water soluble.

Having developed a high yielding synthesis of these a-methylstilbenes, we explored a short
synthesis of 1,2,3-triazole stilbenes 5(a-e) and 6(a-e), as well as the hydrogenated derivative 13 and
1,2,4-triazole derivatives 14 and 15 (Scheme 2.3). Briefly, the a-methylstilbenes 7 were converted to
allyl azides 10 via radical bromination using N-bromosuccinimide and benzoyl peroxide as a radical
initiator, followed by substitution with sodium azide; the two step yields were typically between 70-
80%. The azides were then used to synthesize the TMS-protected triazoles 11 and 12 via a copper
catalyzed Huisgen dipolar cycloaddition with TMS-acetylene in 60-80% yield.’ The (E) and (Z) isomers
11 and 12 were separable using silica gel chromatography, but thermally isomerized during the
subsequent deprotection of the triazole group using tetra-z-butylammonium fluoride (TBAF), which

gave deprotected isomers 5 and 6 in combined yields of 75-92%. The final products were also

separable using silica gel chromatography. The hydrogenated derivative 13 was prepared in 80% two-
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step yield via the reaction of compounds 11a/12a with Raney nickel, followed by deprotection with
TBAF. Compounds 14 and 15 and were readily prepared from the reaction of 1,2,4-triazole with the
allyl bromide derived from 7a.

The collection of compounds was next screened for Al activity against recombinant human
aromatase via kinetic monitoring of the conversion of dibenzylfluorescein (DBF) substrate to
fluorescein. Fluorometric measurement of emission was made at 535 nm after excitation at 485 nm
utilizing ketoconazole as a positive control following a literature protocol.’

The results of this assay demonstrated that newly synthesized triazoles 5, 6, 14 and 15 are all
nanomolar inhibitors of human recombinant aromatase 7z vitro. Several structure-activity-relations
(SARs) were immediately discernible upon examination of the data. First, halogenated analogues were
consistently more potent than their non-halogenated derivatives, consistent with the ketone-
bioisostere hypothesis. Secondly, there is a clear trend when comparing the geometric isomers 5 and

6, as the (Z£)-compounds 6 proved consistently more potent than their (E)-counterparts 5, possibly

TABLE 2.3 Inhibitory activity of select a-methylstilbene derivatives on recombinant human
aromatase. Values are the means of three separate experiments.

Entry Compound X = Y= K (uM)
1 5a H H 0.180
2 5b Cl H 0.081
3 5¢ Cl Cl 0.097
4 5d Br H 0.125
5 5e Br Br 0.45
6 6a H H 0.100
7 6b Cl H 0.057
8 6¢ Cl Cl 0.008
9 6d Br H 0.074
10 Ge Br Br 0.024
1 13 H H 0.290

12 14 - - 0.079
13 15 - - 0.032
14 4* - - 0.020

*inhibitory activity on human aromatase previously reported>
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reflecting the better steroidal overlap of the (Z)-analogues. Third, comparison of derivatives 6a, 6b
and 6c¢ directly (Table 2.3, entries 6-8) showed a clear synergistic effect with double halogenation
resulting in the most potent activity. This result is fully consistent with the ketone bioisostere
hypothesis (i.e. in relation to androstenedione). Fourth, aryl chloride analogues were consistently more
potent than the corresponding aryl bromides, for example, comparing 6b/6¢ with 6d/6e, indicating
the carbon-chlorine bond to be a better ketone mimic (sterically and electronically) than the carbon-
bromine bond. Finally, conformational rigidity improves activity, as the hydrogenated product 13 was
less active than either corresponding isomer, 5a and 6a. The 1,2,4-triazole derivatives 14 and 15 were
also 2-3 times more potent than their related 1,2,3-triazole derivatives 5a and 6a, presenting an
interesting avenue for further investigation. When comparing these new compounds with previously
developed inhibitors such as 4, it is clear that hydrogen bonding acceptor groups in the core of the
inhibitors (such as methoxymethyl) are not required for potent anti-aromatase activity.

Opverall, this structure-activity study has identified compound 6¢ as a potent aromatase
inhibitor with a K of 8 nM. This compound is a structurally rigid stilbene featuring synergistic para-
chloro substitution on each phenyl ring. Compound 6¢ is the most potent analogue discovered thus
far in the series. All SAR data are in agreement with previous studies from our group, suggesting that
aryl chlorides act as bioisosteres for the keto-groups of the native aromatase substrate,
androstenedione 3.”

In conclusion, a novel, high yielding aqueous Wittig methodology for the synthesis of a-
methylstilbenes has been developed. We have shown that a-methylbenzyl phosphonium salts can be
readily prepared chemoselectively (no elimination) using tripropylphosphine and o-methylbenzyl
bromides obtained in high yields from the hydrobromination of substituted styrenes. The entire
process can be completed in a 24-hour period, in high yields and purity without the use of column

chromatography. Finally, we have used our ready access to a-methylstilbenes as a starting point for
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the synthesis of novel, highly-potent inhibitors of aromatase. Future work will focus on expanding the

scope of the Wittig methodology using a-methylbenzyl phosphonium salts and exploring additional

stilbene derivatives as potential aromatase inhibitors.
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2.4 Conclusions and future work

The synthesis and discovery of novel stilbenoid Als with potent 7z vitro activity is a promising first step
in the development of new breast cancer chemotherapeutics. The McNulty group is currently in the
process of making derivatives that probe the replacement of the 1,2,3-triazole core with different
heterocycles. The results discussed in Chapter 2.3 indicate that 1,2,4-triazoles may be even more
potent than the corresponding 1,2,3-triazoles and can be prepared in fewer steps. Pyrazole and
imidazole derivatives should also be readily accessible using the same alkylative strategy used in the
preparation of the 1,2,4-triaole derivatives and are worth exploration.

Besides elucidating the SAR around heterocycle substitution, future work should explore
whether these compounds recapitulate their activity in cell-based assays. Proliferation assays using ER-
positive human breast cancer cell lines such as MCF-7, BT-474 and T-47D are a common and widely
used method for determining the efficacy of Als.”**'*"" As well, recent work has developed MCF-7
cells that are resistant to commercial Als such as anastrozole and letrozole. If the aforementioned
compounds demonstrate activity in these resistant cell lines, that may represent a significant advantage
of these compounds over existing breast cancer chemotherapeutics."'? These cell lines are also
tumorigenic in mice and frequently used to produce cell-derived xenografts for use in mouse models
of breast cancer."’ If the compounds show promise in cell based assays, testing them in such mouse
models may be warranted.

Other future work should explore the selectivity these compounds display for aromatase
versus other CYP450 enzymes; the lack of selectivity demonstrated by older generations of Als
resulted in increased drug-drug interactions and negative side effects.””"* Regardless of any future
experiments, the development and discovery of novel stilbenoid Als highlights the fact that natural

products are still an excellent inspiration for modern efforts in drug-discovery.
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2.5 Experimental

This experimental is provided as published in Bioorg. Med. Chem. Lett., 2019, 29, 1395-1398.
All reactions were performed in sealed glass vials or round-bottom flasks without prior drying or use
of inert atmosphere. It was unnecessary to distill the dichloromethane prior to use in the styrene
hydrobrominations. "H and "C spectra were recorded on Bruker AV 600 or 700 MHz spectrometers
in CDCI; or CD,Cl.. THF and benzene were distilled over sodium with a benzophenone indicator.
Reactions were monitored using thin layer chromatography (TLC) using Macherey-Nagel silica gel 60
Foss TLC aluminum plates and visualized with UV fluorescence and staining with 2,4-
dinitrophenylhydrazine or vanillin stains. Bulk solvent removal was performed by rotary evaporation
under reduced pressure. For reactions with solvent volumes under 3 mL, the solvent was evaporated
under a stream of nitrogen. Column chromatographic purification was performed using Silicycle silica
gel (40-63 pM, 230-400 mesh) with technical grade solvents. Yields are reported for spectroscopically
pure compounds, unless stated otherwise. Coupling constants are recorded in Hz and chemical shifts
are reported in ppm downfield of TMS. *'P NMR was recorded on Bruker AV 200 or 600 MHz
spectrometers in CDCl; and chemical shifts are reported downfield from an external standard of 85%
HsPO4 in H,O. The (E) to (£) ratios of the alpha-methyl stilbenes were determined based on the
chemical shift and relative integration of the methyl peaks in the '"H NMR. HRMS (ESI") was
performed on a Waters Micromass Q-ToF Ultima Global. EI HRMS was performed on a Micromass
GCT. All reagents were purchased from Sigma Aldrich or Cytec Solvay Group and used without
purification.

For the synthesis of substituted styrenes, refer to Das, P.; McLeod, D.; McNulty, J. Tefrabedron Lett.
2011, 52, 199-201.

The following styrene hydrobromination procedure is based on Sanseverino, A. M.; de Mattos, M. C.

S. J. Braz. Chem. Soc. 2001, 12, 685-687.

65



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

General Procedure for Styrene Hydrobromination

Into a round-bottom flask containing a magnetic stirring bar was added styrene (1.0 eq.), SiO» gel
(230-400 mesh; 0.5 g/mmol styrene) and DCM (2.5 mL/mmol styrene). The mixture was stirred
vigorously, and 0.4 eq. PBr; (0.4 M in DCM) was added in one portion, resulting in a deep orange or
red solution. The reaction was stirred for 30-60 minutes and monitored by TLC. When the reaction
appeared complete by TLC, 10% NaHCO; was added dropwise to the reaction until the solution
became colourless or light yellow, and no further evolution of CO; was noted. The resulting slurry
was filtered through a Celite plug and eluted with DCM. The resulting organic solution was evaporated

to dryness to afford the hydrobromination product 8a.

Br 8a (1-bromoethyl)benzene: 98% yield. Clear coloutless oil. 'H NMR (600 MHz, CDCly)
87.45(d, ] ="7.7Hz, 2H),7.36 (t, ] = 7.6 Hz, 2H), 7.30 (t, ] = 7.3 Hz, 1H), 5.23 (q, | =

6.9 Hz, 1H), 2.06 (d, ] = 6.9 Hz, 3H). All data are in agreement with the literature.

Br
/©)\ 8b 1-chloro-4-(1-bromoethyl)benzene: 94% yield. Clear coloutless oil. "H NMR (600
Cl

MHz, CDCly) 8 7.37 (d, J = 8.5 Hz, 2H), 7.31 (d, ] = 8.5 Hz, 2H), 5.17 (q, ] = 6.9 Hz,
1H), 2.03 (d, ] = 6.9 Hz, 3H). ®C NMR (151 MHz, CDCLy) & 141.9, 134.2, 129.0, 128.3, 48.3, 26.9. EI

HRMS calculated for CsHsCIBr (M)™: 217.9498 found 217.9494.

Br
/©)\ 8¢ 1-bromo-4-(1-bromoethyl)benzene: 93% yield. Clear light-yellow oil. 'H NMR (600
Br

MHz, CDCly) 8 7.46 (d, ] = 8.5 Hz, 2H), 7.32 (d, ] = 8.5 Hz, 2H), 5.15 (q, ] = 6.9 Hz,
1H), 2.02 (d, ] = 6.9 Hz, 3H). ®C NMR (151 MHz, CDCLy) & 142.4, 132.0, 128.6, 122.3, 48.3, 26.8. EI

HRMS calculated for CsHsBr, (M)": 261.8993 found 261.8997.
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g 8d1-iodo-4-(1-bromoethyl)benzene: 95% yield. White waxy solid. "H NMR (600 MHz,

@)\ CDCl) 8:'H NMR (600 MHz, CDCly) 8 7.67 (d, ] = 8.4 Hz, 2H), 7.18 (d, ] = 8.4 Hz,
|

2H), 5.13 (q, ] = 6.9 Hz, 1H), 2.01 (d, ] = 6.9 Hz, 3H); ®C NMR (151 MHz, CDCL;) & 143.1, 138.0,

128.8, 94.0, 48.4, 26.8. EI HRMS calculated for CsHsIBr (M)*: 309.8854 found: 309.8843.

Br 8e 1-bromo-3-(1-bromoethyl)benzene: 94% vyield. Clear colourless oil. '"H NMR (600

MHz, CDCl3) 8 7.58 (t, ] = 1.8 Hz, 1H), 7.42 (ddd, ] = 7.9, 1.9, 1.0 Hz, 1H), 7.38 — 7.35

Br (m, 1H), 7.22 (t, ] = 7.9 Hz, 1H), 5.12 (q, ] = 6.9 Hz, 1H), 2.02 (d, ] = 6.9 Hz, 3H). °C
NMR (151 MHz, CDCls) 6 145.5, 131.6, 130.4, 130.1, 125.7, 122.7, 47.9, 26.8. E1 HRMS calculated

for CsHsBr, (M)™: 261.8993 found 261.8995.

General procedure for secondary phosphonium salt preparation:

(1-bromoethyl)benzene 8a (2.0 M in DCM, 1.0 eq.) was added to a round-bottom flask containing a
magnetic stirring bar. The flask was sealed and cooled to 0°C. Then, tripropylphosphine (1.05 eq.) was
added dropwise to the mixture. The reaction was allowed to stir overnight with gradual warming to
room temperature. Then, solvent was removed under vacuum and the resulting solid was washed with
cither diethyl ether or ethyl acetate to remove any trace tripropylphosphine, yielding the desired

phosphonium salt 9a.

Br-

\L 9a (1-phenylethyl)tripropylphosphonium bromide: 98% yield. White solid. 'H
P~——— NMR (600 MHz, CDCl3) 8 7.46 — 7.49 (2H, m), 7.39 (t, ] = 7.6 Hz, 2H), 7.32 - 7.37

©)\ (1H, m), 4.79 (dq, ]31{),1}{ = 15.0,]1}1’1}1 =7.5 HZ, 1H), 2.28 —2.42 (GH, 1’1’1), 1.74 (dd,

]3113,1}{ = 17.3,]11{,11{ =75 HZ, 3H), 142 —-1.60 (6H, m), 1.07 (td, ]1H,1H = 7.2,]311),1}1 =1.8 HZ, 9H) 13(:

NMR (151 MHz, CDCL) 8 134.5 (d, Jawisc = 5.8 Hz), 129.6, 129.0, 128.9 (d, Jsipsc = 4.6 Hz), 33.4
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(d, Jsipasc = 42.0 Hz), 20.4 (d, Jsip.13c = 44.5 Hz), 16.2 (d, Jsipasc = 4.4 Hz), 15.9 (d, Jsip.13c = 15.9 Hz),
15.0. ”'P NMR (80 MHz, CDCls) 8: 34.6. ESI HRMS calculated for Ci7HzP (M — Br)": 265.2085
found: 265.2092. Exact Mass: 265.2080.
\L 9b (1-(4-chlorophenyl)ethyl)tripropylphosphonium bromide: 91% yield. White
P"\/E- solid. 'H NMR (600 MHz, CDCls) 8 7.52 (d, ] = 8.2 Hz, 2H), 7.39 (d, ] = 8.2
C|/©)\ Hz, 2H), 5.11 (dq, Jsiean = 15.0, Jinin = 7.4 Hz, 1H), 2.39 — 2.30 (m, 6H), 1.72
(dd, Jsipan = 17.2, Jiman = 7.4 Hz, 3H), 1.63 — 1.46 (m, 6H), 1.10 (td, Jirin = 7.2, Jsiean = 1.6 Hz, 9H).
PC NMR (151 MHz, CDCls) 8 135.2 (d, Jsip13c = 3.8 Hz), 133.2 (d, Jsip13c = 6.0 Hz), 130.4 (d, Jsip.3c
= 4.8 Hz), 129.8 (d, Jsip13c = 2.0 Hz), 32.7 (d, Jsie.15c = 42.1 Hz), 20.4 (d, Jsip.13c = 44.4 Hz), 16.3 (d,
Jseasc = 4.7 Hz), 15.9 (d, Jaieasc = 15.8 Hz), 15.1. *'P NMR (80 MHz, CDCl3) 8 34.3. ESI HRMS

calculated for Ci7HzCIP (M — Br)™: 299.1695 found 299.1683.

\L J/ 9¢ (1-(4-bromophenyl)ethyl)tripropylphosphonium bromide: 98% vyield. 'H
PL/E NMR (600 MHz, CDCls) & 7.53 (d, ] = 8.2 Hz, 2H), 7.46 (dd, Jiim = 8.6 Hz,
Br/©)\ Jsiean = 2.2 Hz, 2H), 5.06 (dq, Jsip1n = 15.0 Hz, Jinin = 7.4 Hz, 1H), 2.40 — 2.29
(m, 6H), 1.71 (dd, Jsipan = 17.2 Hz, Jinin = 7.4 Hz, 3H), 1.63 — 1.45 (m, 6H), 1.08 (td, Jiniu = 7.2 Hz,
Jswan = 1.7 Hz, 9H). C NMR (151 MHz, CDCl3) 8 133.8 (d, [5ip15c = 6.0 Hz), 132.7 (d, J3p.13c = 1.8
Hz), 130.7 (d, Jsip13c = 4.8 Hz), 123.2 (d, [sie.3c = 4.1 Hz), 32.7 (d, Jsie13c = 42.3 Hz), 20.4 (d, J3ip15¢
= 44.4 Hz),16.3 (d, [sirusc = 4.7 Hz), 15.9 (d, [sip15c = 15.9 Hz), 15.0. *'P NMR (80 MHz, CDCls) &

34.2. White solid. EST HRMS calculated for Ci7HxBrP (M — Br)™: 343.1190 found 343.1201.
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\L f 9d (1-(4-iodophenyl)ethyl)tripropylphosphonium bromide: 93% yield. White
PL/E solid. '"H NMR (600 MHz, CDCls) 8 7.74 (d, ] = 8.1 Hz, 2H), 7.32 (dd, Jiin =
|/©)\ 8.4, [sipan = 2.0 Hz, 2H), 5.12 — 5.04 (m, 1H), 2.39 — 2.31 (m, 6H), 1.71 (dd, J31p.1
=17.2, iman = 7.4 Hz, 3H), 1.62 — 1.46 (m, 6H), 1.10 (td, Jinan = 7.2, Jsiean = 1.6 Hz, 9H). "C NMR
(151 MHz, CDCls) 8 138.7 (d, Jsipa3c = 1.9 Hz), 134.4 (d, Js1p.13c = 6.1 Hz), 130.8 (d, J51p.13c = 4.8 Hz),
94.9 (d, Jsip13c = 4.3 Hz), 32.9 (d, [sip.13c = 42.1 Hz), 20.5 (d, [sip.13c = 44.4 Hz), 16.4 (d, | = 4.8 Hz),
16.0 (d, Jarpasc = 15.9 Hz), 14.9. *'P NMR (80 MHz, CDCLs) 8: 34.1. ESI HRMS calculated for C;7HPI

(M — Br)™: 391.1058 found 391.1052.

\L 9e¢ (1-(3-bromophenyl)ethyl)tripropylphosphonium bromide: 93% yield. White
[ &
P"\/E powdery solid. 'H NMR (600 MHz, CDCls) 8 7.65 (d, ] = 7.6 Hz, 1H), 7.54 — 7.48
(m, 2H), 7.31 (t, ] = 7.8 Hz, 1H), 5.06 (dq, Js1e1n = 14.9, Jinin = 7.4 Hz, 1H), 2.43
Br —2.30 (m, 6H), 1.73 (dd, Jsiein = 17.1, Jiuu = 7.4 Hz, 3H), 1.63 — 1.46 (m, 6H),
1.11 (td, Jinan = 7.2, Jsiean = 1.8 Hz, 9H). "C NMR (151 MHz, CDCl3) 8 137.1 (d, Japisc = 5.8 Hz),
132.3,131.3, 131.1 (d, Jsie.15c = 4.5 Hz), 128.4 (d, J5ip15c = 5.0 Hz), 123.5 (d, Js1p15c = 3.2 Hz), 33.1 (d,
Jswwasc = 41.9 Hz), 20.4 (d, [si15c = 44.3 Hz), 16.3 (d, [ip15c = 4.8 Hz), 15.9 (d, [ip15¢ = 15.9 Hz), 15.0.

’'P NMR (243 MHz, CDCls) 8 34.3. C17H2BrP (M — Br)": 343.1190 found 343.1191.

General procedure for the synthesis of a-methylstilbenes:

Benzaldehyde (1.0 Eq), (1-phenylethyl)tripropylphosphonium bromide 9a (1.0 eq.) and lithium
hydroxide (1.5 eq.) were combined in H>O (reactions performed at 1.25-2.5 M, depending on salt
solubility) and sealed in a flask containing a magnetic stirring bar. The mixture was heated to 100 °C
overnight with vigorous stirring and then cooled to room temperature, resulting in the precipitation

of the stilbene product. The mixture was filtered off and washed with water to remove any
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tripropylphosphine oxide, yielding the pure stilbene 7a as a mixture of (E):(Z) isomers. In many cases,

the major (E)-stilbene could be selectively recrystallized from the (E):(Z) mixture using absolute

ethanol.
! 7a prop-1-ene-1,2-diyldibenzene: 97% yield. White waxy solid. 2.9:1 (E):(£) mixture
| (determined by 'H NMR). Pure (E) isomer obtained by recrystallization from
O absolute ethanol. (E) isomer: "H NMR (600 MHz, CDCl3) 8 7.54 — 7.52 (m, 1H),

7.41 —7.36 (m, 2H), 7.29 (t, ] = 7.3 Hz, 1H), 7.27 — 7.24 (m, 1H), 6.85 (d, J = 1.0 Hz, 1H), 2.29 (d, |
= 1.3 Hz, 1H)."C NMR (151 MHz, CDCLy) § 144.1, 138.5, 137.6, 129.3, 128.5, 128.3, 127.9, 127.3,

126.6, 126.2, 17.6. EI HRMS calculated for CisHis (M)": 194.1096 found: 194.1096.

¢l 7b (E)-1-chloro-4-(2-phenylprop-1-en-1-yl)benzene. 88% yield. White solid.

| O 3.7:1 (E):(Z) mixture (determined by 'H NMR). Pure (F) isomer obtained by
O recrystallization from absolute ethanol. (E) isomer: '"H NMR (600 MHz, CDCl5)
8751 (d, ] = 8.1 Hz, 2H), 7.38 (t, ] = 7.6 Hz, 2H), 7.34 (d, | = 8.4 Hz, 2H), 7.32 - 7.27 (3H, m), 6.77
(s, 1H), 2.26 (s, 3H). "C NMR (151 MHz, CDCl;) 8 143.8, 138.3, 136.9, 132.3, 130.6, 128.5, 128.5,

127.5,126.6, 126.1, 17.6. EI HRMS calculated for C1sHi3Cl (M)": 228.0706 found 228.0709.

Br 7c (E)-1-bromo-4-(2-phenylprop-1-en-1-yl)benzene. 91% yield. White solid. 3.0:1

| (E):(Z) mixture (determined by 'H NMR). Pure (E) isomer obtained by
O recrystallization from absolute ethanol. (E) isomer: '"H NMR (600 MHz, CDCly)
8 7.50 (t, ] = 8.8 Hz, 4H), 7.38 (t, ] = 7.6 Hz, 2H), 7.30 (t, ] = 7.3 Hz, 1H), 7.23 (d, ] = 8.3 Hz, 2H),
6.75 (s, 1H), 2.26 (s, 3H). "C NMR (151 MHz, CDCls) & 143.8,138.4,137.4,131.4,130.9, 128.5, 127.6,

126.6, 126.1, 120.5, 17.7. E1 HRMS calculated for CisH3Br (M)™: 272.0201 found: 272.0190.
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O 7d 1-chloro-4-(1-phenylprop-1-en-2-yl)benzene: 93% yield. White solid. 2.3:1
| (E):(Z) mixture (determined by 'H NMR). Pure (F) isomer obtained by
ol O recrystallization from absolute ethanol. (E) isomer: '"H NMR (600 MHz, CDCl5)

8 7.47 — 7.44 (m, 2H), 7.40 — 7.32 (m, 6H), 7.27 — 7.24 (m, 1H), 6.82 (s, 1H), 2.26 (d, J = 1.3 Hz, 3H).
BCNMR (151 MHz, CDCL) § 142.5, 138.2, 136.4, 133.1, 129.3, 128.6, 128.4, 128.3, 127.4, 126.8, 17.5.

EI HRMS calculated for CisHi5Cl (M)™: 228.0706 found: 228.0699.

7e 44'-(prop-1-ene-1,2-diyl)bis(chlorobenzene). 85% yield. White solid. 1.2:1

Cl
| ‘ (E):(Z) mixture (determined by 'H NMR). Pure (E) isomer obtained by
O recrystallization from absolute ethanol. (F) isomer: 'H NMR (600 MHz,
Cl

CDCly) 8 7.43 (d, ] = 8.6 Hz, 1H), 7.36 — 7.32 (m, 2H), 7.27 (d, ] = 8.4 Hz, 1H), 6.75 (s, 1H), 2.23 (d,
] =1.2 Hz, 1H). C NMR (151 MHz, CDCL) § 142.2, 137.1, 136.6, 133.3, 132.6, 130.5, 128.6, 128.6,

127.4,127.0, 17.6. EI HRMS calculated for C1sH12Cl, (M)": 262.0316 found 262.0316.

O 7f 1-bromo-4-(1-phenylprop-1-en-2-yl)benzene: 95% yield. White solid. 2.1:1
| (E):(Z) mixture (determined by 'H NMR). Pure (E) isomer obtained by
Br O recrystallization from absolute ethanol. (E) isomer: 'H NMR (600 MHz,

CDCLy) & 7.50 — 7.47 (m, 2H), 7.41 — 7.33 (m, 6H), 7.28 — 7.24 (m, 1H), 6.82 (s, 1H), 2.25 (d, ] = 1.3
Hz, 3H). C NMR (151 MHz, CDCL) 8 143.0, 138.1, 136.4, 131.5, 129.3, 128.4, 128.3, 127.8, 126.8,

121.2,17.5. EI HRMS calculated for CisH3Br (M)™: 272.0201 found: 272.0195.

7g 4,4'-(prop-1-ene-1,2-diyl)bis(bromobenzene). 86% yield. White solid. 4.5:1

Br
O (E):(Z) ratio (determined by 'H NMR). Pure (E) isomer obtained by
|
O recrystallization from absolute ethanol. (F) isomer: 'H NMR (600 MHz,
Br
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CDCl) 8 7.50 (d, ] = 8.2 Hz, 2H), 7.49 (d, ] = 8.6 Hz, 2H), 7.37 (d, ] = 8.6 Hz, 2H), 7.21 (d, ] = 8.2
Hz, 2H), 6.73 (s, 1H), 2.22 (d, ] = 1.1 Hz, 3H). °C NMR (151 MHz, CDCl3) § 142.6, 137.3, 137.0,

131.6,131.5,130.9, 127.8, 127.1, 121.5, 120.7, 17.5. EI HRMS calculated for CisHi.Br, (M)": 349.9306

found 349.9300.
7h 1-iodo-4-(1-phenylprop-1-en-2-yl)benzene: Reaction performed as 1.25 M in
| water. 90% yield. White solid. 2.3:1 (F):(Z) mixture (determined by 'H NMR).
I O Pure (E) isomer obtained by recrystallization from absolute ethanol. (E) isomer:

"H NMR (600 MHz, CDCl3) 8 7.69 (d, ] = 8.6 Hz, 2zH), 7.41 — 7.33 (m, 4H), 7.28 - 7.24 (m, 3H), 6.83
(s, 1H), 2.25 (d, ] = 1.2 Hz, 3H). ®C NMR (151 MHz, CDCLy) & 143.6, 138.1, 137.5, 136.5, 129.3,

128.4,128.1, 126.9, 92.7, 17.4. EI HRMS calculated for CisHisI (M)™: 320.0062 found: 320.0063.

7i 1-bromo-3-(1-phenylprop-1-en-2-yl)benzene: 92% yield. White solid. 2.5:1 (E):(%)

| ‘ mixture (determined by 'H NMR). Pure (F) isomer obtained by recrystallization

O from absolute ethanol. (E) isomer: "H NMR (600 MHz, CDCl3) & 7.67 (s, 1H), 7.45
Br (d,J=7.8 Hz, 1H), 7.42 (d, ] = 8.0 Hz, 1H), 7.40 - 7.34 7.38 (m, 4H), 7.29 - 7.22 (m,
2H), 2.26 (s, 3H). "C NMR (151 MHz, CDCl5) 8 146.3, 138.0, 136.2, 130.2, 130.0, 129.3, 128.9, 128.4,

126.9, 124.8, 122.7, 17.6. E1 HRMS calculated for CisHi3Br (M)™: 272.0201 found: 272.0195.

Representative two-step procedure for synthesis of allyl azides 10a-e

a-methylstilbene (1.60 mmol, 1.00 eq.) 7a was dissolved in 15 mL of benzene in a round bottom flask
charged with a stirbar. Then N-bromosuccinimide (1.80 mmol, 1.1 eq.) and benzoyl peroxide (0.017
mmol, 0.01 eq.) were added to the solution. Next, the reaction was stirred at 70 °C for 5 hours until

TLC (100% hexanes) indicated complete conversion of the starting material. The reaction was allowed
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to cool to room temperature prior to quenching with sodium thiosulfate and concentration 7 vacuo.
The crude oil was then filtered through a plug of silica, eluting with 100% hexanes. Concentration of
the eluent gives the intermediate allyl bromide[(3-bromoprop-1-ene-1,2-diyl)dibenzene] as a yellow oil
in 86% yield as a 1:2 (E):(Z) mixture (by '"H NMR), which can be stored in the freezer but was typically
immediately used in the next step. The allyl bromide (1.40 mmol, 1.00 eq.) was dissolved in 4 mL of
acetonitrile in a round bottom flask, to which was added sodium azide (4.20 mmol, 3.00 eq.). The flask
was sealed and the mixture was allowed to stir at room temperature overnight, or until TLC
demonstrated completed consumption of the starting material. The acetonitrile was removed 7 vacuo,
and the resulting slurry was partitioned between ethyl acetate and water. The aqueous phase was
extracted with ethyl acetate (3 x 10 mL) and the combined organic layers were dried over sodium
sulfate and concentrated to give azide 10a in 93% yield as a clear, light yellow oil. Note: the
intermediate bromides and azides 10 are distinguishable both by Rf (TLC: neat hexanes or 3% EtOAc
in hexanes), as well as the fact that the azides invariably stain yellow with vanillin stain and heating

(bromide spot is unaffected).

10a (3-azidoprop-1-ene-1,2-diyl)dibenzene. 80% two-step yield. Light yellow oil.

Inseparable 1:2 (F):(Z) mixture (determined by '"H NMR). () isomer: "H NMR (600

MHz, CDCls) &: 7.59 — 7.55 (m, 2H), 7.45 — 7.12 (m, 8H), 4.41 (s, 2H). "C NMR:
peaks from (E):(Z) isomers are not reliably distinguishable. EI HRMS calculated for CisHi3N3 (M)

235.1109 found 235.1114.

10b 1-(3-azido-1-phenylprop-1-en-2-yl)-4-chlorobenzene. Light yellow oil. 69%
two-step yield. Inseparable 2:3 (E):(Z) mixture (determined by 'H NMR). (%)

Isomer: 'H NMR (700 MHz, CDCl;) 8 7.50 (dd, ] = 8.5, 1.9 Hz, 2H), 7.43 (¢, ]
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= 7.4 Hz, 2H), 7.40 (dd, | = 8.5, 1.8 Hz, 2H), 7.37 — 7.33 (m, 3H), 7.12 (s, 1H), 4.38 (d, ] = 1.3 Hz,
2H). "C NMR: peaks from (E):(Z) isomers are not reliably distinguishable. EI HRMS calculated for

CisH12CIN; (M)™: 269.0720 found 269.0719.

¢l 10c 4,4'-(3-azidoprop-1-ene-1,2-diyl)bis(chlorobenzene). 68% yield two-step
yield. Light yellow oil. Inseparable 4:5 (E):(Z) mixture (determined by 'H

NMR). (2) Isomer: '"H NMR (700 MHz, CDCly) & 7.48 (d, ] = 8.7 Hz, 2H),

7.42 - 7.38 (m, 4H), 7.28 (d, | = 8.2 Hz, 2H), 7.04 (s, 1H), 4.34 (s, 2H). ’C NMR: peaks from (E):(Z)
isomers are not reliably distinguishable. EI HRMS calculated for CisH1;CLN; (M) ™: 303.0330 found

303.0330.

10d 1-(3-azido-1-phenylprop-1-en-2-yl)-4-bromobenzene. 76% two-step yield.

Light yellow oil. Inseparable 2:3 (F):(Z) mixture (determined by 'H NMR). (2)

Isomer: '"H NMR (700 MHz, CDCls) 8 7.55 (d, | = 8.6 Hz, 2H), 7.11 - 7.45 (8H,
Ar), 437 (s, 2H). "C NMR: peaks from (E):(Z) isomers are not reliably distinguishable. EI HRMS

calculated for CisHi:BfNs (M)™: 313.0215 found 313.0222.

gr 10e 4.4'-(3-azidoprop-1-ene-1,2-diyl)bis(chlorobenzene). 71%  two-step
yield. Off-white resin. Inseparable 1:2 (E):(Z) mixture (determined by 'H

NMR). (%) Isomer: 'H NMR (700 MHz, CDCly) § 7.57 — 7.53 (m, 4H), 7.41

Br
(d, ] = 8.7 Hz, 2H), 7.21 (d, ] = 8.3 Hz, 2H), 7.01 (s, 1H), 4.32 (s, 2H). C NMR: peaks tfrom (E):(Z)

isomers atre not reliably distinguishable. EI HRMS calculated for CisHiBrN3 (M)™: 390.9320 found

390.9308.
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Representative synthesis of protected triazoles 11/12 a-e

10a (0.023 g, 0.10 mmol, 1.0 Eq) (1:2 E/Z) was dissolved in 0.25 mL THF and placed in a round
bottom flask charged with a stir bar. Then Cul (1.9 mg, 0.01 mmol, 0.1 eq.), 2,6-lutidine (4.6 uL, 0.04
mmol, 0.4 eq.), acetic acid (2.3 puL, 0.04 mmol, 0.4 eq.) and TMS-acetylene (0.055 mL, 0.4 mmol, 4
Eq) was added the flask. The mixture was allowed to stir for 24 hours at 50 °C. TLC (20% EtOAc in
hexanes) demonstrated the disappearance of starting material and the appearance of two product
spots. The THF was removed 7z vacuo and the crude mixture was purified via silica gel chromatography
(0-25% EtOAc in hexanes). 12.7 mg of the (E) isomer (11a) and to 12.4 mg of the (Z) isomer (12a)

were isolated and characterized separately for a total yield of 80%.

11/12 a 1-(2,3-diphenylallyl)-1H-1,2,3-triazole. 80% combined yield.

| O ‘ | White solids. 11a (E): 'H NMR (600 MHz, CDCL) & 7.39 (s, 1H),
O | O 1 7.29-7.27 (m, 3H), 7.14 - 7.11 (m, 3H), 7.08 ~ 7.06 (m, 2H), 6.99 -
. .
&;(j &N 6.96 (m, 2H), 6.58 (s, 1H), 5.36 (d, ] = 0.7 Hz, 2H), 0.29 (s, 9H). 1°C
TMS TMS
z E NMR (151 MHz, CDCLy) & 146.7, 137.6, 136.1, 135.6, 130.9, 129.5,

129.1, 128.7, 128.2, 128.2, 127.7, 57.7, -1.0. ESI HRMS calculated for CooHaN:Si (M+H)*: 334.1740
found: 334.1739. 12a (Z): 'H NMR (600 MHz, CDCls) & 7.45 — 7.43 (m, 2H), 7.42 — 7.39 (m, 4H),
7.37—7.32 (m, 3H), 7.32 — 7.28 (m, 1H), 7.28 (s, 1H), 7.20 (s, 1H), 5.62 (s, 2H), 0.23 (s, 9H). *C NMR
(151 MHz, CDCls) & 146.4, 139.6, 136.2, 134.5, 134.3, 129.0, 129.0, 128.9, 128.8, 128.4, 128.2, 126.5,

49.1, -1.0. ESI HRMS calculated for CxH24N3Si (M+H)™: 334.1740 found: 334.1742.
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11/12 b 1-(2-(4-chlorophenyl)-3-phenylallyl)-4-(trimethylsilyl)-
1H-1,2,3-triazole. 75% combined yield. White solids. 11b (E):
"H NMR (600 MHz, CDCl3) 8 7.41 (s, 1H), 7.24 (d, ] = 8.4 Hz,

2H), 7.17 — 7.13 (m, 3H), 6.96-7.01 (m, 4H), 6.61 (s, 1H), 5.33

z E (s, 2H), 0.28 (s, 9H). °C NMR (151 MHz, CDCly) & 147.2,
136.1, 1354, 135.1, 134.2, 131.7, 130.3, 129.6, 129.4, 129.3, 128.5, 128.0, 57.4, -0.9. ESI HRMS
calculated for CooH,sCINsSi (M+H)*: 368.1344 found 368.1351. 12b (Z): 'H NMR (600 MHz, CDCly)
8 7.44 —7.38 (m, 5H), 7.37 — 7.34 (m, 2H), 7.31 (d, ] = 8.5 Hz, 2H), 7.26 (s, 1H), 7.18 (s, 1H), 5.58 (s,
2H), 0.24 (s, 9H). *C NMR (151 MHz, CDCL) & 146.8, 137.9, 136.0, 134.6, 134.6, 134.3, 133.6, 129.1,
129.0,128.9, 128.6, 128.3, 127.8, 48.8, -1.0. ESI HRMS calculated for CoH,sCIN:Si (M+H)*: 368.1344

found 368.1336.

11/12 ¢ 1-(2,3-bis(4-chlorophenyl)allyl)-4-(trimethylsilyl)-
1H-1,2,3-triazole. 70% combined yield. White solids. 11c

(E): "H NMR (600 MHz, CDCL) 8 7.39 (s, 1H), 7.25 (d, ]

= 8.3 Hz, 2H), 7.11 (d, ] = 8.5 Hz, 2H), 6.98 (d, ] = 8.4 Hz,

z E 2H), 6.89 (d, J = 8.4 Hz, 2H), 6.53 (s, 1H), 5.32 (s, 2),
0.28 (s, 9F). °C NMR (151 MHz, CDCL) & 147.1, 135.8, 135.6, 134.4, 133.8, 133.7, 130.7, 130.1,
130.1, 129.5, 129.3, 128.6, 57.1, -1.0. ESI HRMS calculated for CooHCLN:Si (M+H)*: 402.0955
found 402.0952. 12¢ (Z): 'H NMR (600 MHz, CDCls) 8 7.41 — 7.35 (m, 4H), 7.35 (d, ] = 8.5 Hz, 2H),
731 (d, ] = 8.5 Hz, 2H), 7.24 (s, 1H), 7.07 (s, 1H), 5.52 (s, 2H), 0.24 (s, 9H). °C NMR (151 MHz,
CDCL) & 146.9, 137.8, 134.5, 134.4, 134.3, 133.3, 130.3, 129.2, 129.2, 128.7, 127.9, 48.8, -1.0. ESI

HRMS calculated for CoH2CLN3Si (M+H)™: 402.0955 found 402.0945.
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11/12 d 1-(2-(4-bromophenyl)-3-phenylallyl)-4-(trimethylsilyl)-
1H-1,2,3-triazole. 73% combined yield. White solids. 11d (E):
"H NMR (600 MHz, CDCl5) 8 7.41 (s, 1H), 7.39 (d, ] = 8.4 Hz,

2H), 7.16 — 7.13 (m, 3H), 7.00 — 6.97 (m, 2H), 6.93 (d, ] = 8.4

z E Hz, 2H), 6.62 (s, 1H), 5.33 (s, 2H), 0.29 (s, 9H). *C NMR (151
MHz, CDCly) 8 147.1, 136.4, 135.3, 134.9, 132.3, 131.6, 130.5, 129.5, 129.3, 128.4, 128.0, 122.3, 57.3,
-1.0. ESI HRMS calculated for CoHyBN3Si (M+H)": 412.0839 found 412.0836. 12d (2): 'H NMR
(600 MHz, CDCLy) & 7.46 (d, ] = 8.5 Hz, 2H), 7.42 — 7.39 (m, 4H), 7.37 - 7.33 (m, 1H), 7.31 (d, ] =
8.5 Hz, 2H), 7.26 (s, 1H), 7.18 (s, 1H), 5.57 (s, 2H), 0.24 (s, 9H). *C NMR (151 MHz, CDCls) & 146.8,
138.4, 135.9, 134.6, 133.7, 132.1, 129.0, 128.8, 128.6, 128.4, 128.1, 122.4, 48.7, -1.0. EST HRMS

calculated for Co0HzsBrN3Si (M+H)™: 412.0839 found 412.0835.

11/12 e 1-(2,3-bis(4-bromophenyl)allyl)-4-(trimethylsilyl)-
1H-1,2,3-triazole. 60% combined yield. White solids. 11e
(E): 'H NMR (600 MHz, CDCl3) & 7.41 (d, ] = 8.4 Hz,

N 2H), 7.39 (s, 1H), 7.27 (d, ] = 8.4 Hz, 2H), 6.91 (d, ] = 8.4

7 £ Hz, 2H), 6.83 (d, ] = 8.4 Hz, 2H), 6.50 (s, 1H), 5.31 (s, 2H),
0.28 (s, 9F). °C NMR (151 MHz, CDCL) 8 147.2, 136.0, 135.9, 134.2, 132.5, 131.6, 131.0, 130.3,
130.1, 129.3, 122.6, 122.0, 57.0, -1.0. ESI HRMS calculated for CaHy,BrN:Si (M+H)*: 489.9944
found 489.9939. 12e (2): 'H NMR (600 MHz, CDCly) 8 7.54 (d, ] = 8.3 Hz, 2H), 7.47 (d, ] = 8.5 Hz,
2H), 7.31 (d, ] = 8.2 Hz, 2H), 7.28 (d, ] = 8.5 Hz, 2H), 7.24 (s, 1H), 7.05 (s, 1H), 5.51 (s, 2F), 0.24 (s,
9H). *C NMR (151 MHz, CDCly) 8 146.9, 138.3, 134.8, 134.5, 133.3, 132.2, 132.1, 130.5, 128.7, 128.2,

122.7,122.5, 48.7, -1.0. EST HRMS calculated for CxH2BrN3Si (M+H)™: 489.9944 found 489.9941.
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Representative synthesis of deprotected triazoles 5/6 a-e

Deprotection of triazoles 11 or 12 could be performed separately but typically resulted in partial (E):(Z)
isomerization, thus necessitating the chromatographic separation of resultant triazoles 5 and 6.
Therefore, the protected triazoles 11 and 12 were typically combined and deprotected together, using
the following method: In a round bottom flask, an approximately 1:1 mixture of 11/12 (78 mg, 0.23
mmol, 1 Eq) was dissolved in 0.8 mLL THF. Then, 1 M tetrabutylammonium fluoride in THF was
added (0.69 mL, 0.69 mmol, 3 Eq), and the reaction mixture was heated at 45-50°C for 18 hours. The
crude mixture was concentrated iz vacwo, and the resulting residue was purified via silica gel
chromatography (0-80% EtOAc in hexanes). The desired fractions for the separate (E) and (Z)
isomers were collected and concentrated iz vacmo to yield 33 mg of the
(E) isomer (5) and 23 mg of the (Z) isomer (6), both as off-white powdery solids, for a total yield of

90%.

5/6a 1-(2,3-diphenylallyl)-1H-1,2 3-triazole. = White solids.  90%

combined yield. 5a (E): "H NMR (600 MHz, CDCs) 8 7.64 (s, 1H), 7.45
Q_N\N O Q_N‘N (s, 1H), 7.29 — 7.26 (m, 3H), 7.14 — 7.11 (m, 3H), 7.10 — 7.07 (m, 2H),
N N

. , 7.00 — 6.97 (m, 2H), 6.65 (s, 1H), 5.38 (d, ] = 0.8 Hz, 2H). *C NMR (151

MHz, CDCLy) § 137.3, 135.8, 135.5, 134.0, 131.3, 129.5, 129.1, 128.7, 128.2, 127.7, 123.7, 58.2. ESI
HRMS calculated for C7FH;eNs (M+H) :262.1344, found: 262.1353. 6a (Z): 'H NMR (600 MHz,
CDCL) 8 7.57 (d, ] = 0.7 Hz, 1H), 7.46 — 7.39 (m, 5H), 7.37 — 7.32 (m, 4H), 7.31 — 7.28 (m, 1H), 7.22
(s, 1H), 5.63 (s, 2FH). *C NMR (151 MHz, CDCl3) & 139.3, 136.1, 134.5, 134.3, 133.9, 129.0, 128.8,

128.5, 128.2, 126.5, 123.3, 49.3. HRMS calculated for C17-HiN3 (M+H)": 262.1344, found: 262.1341.
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5/6b 1-(2-(4-chlorophenyl)-3-phenylallyl)-1H-1,2,3-triazole.
White solids. 81% combined yield. 5b (Z):'H NMR (700 MHz,

CD:CL) 8 7.61 (s, 1H), 7.52 (s, 1H), 7.25 (d, ] = 8.4 Hz, 2H), 7.17

—7.14 (m, 3H), 7.04 — 6.99 (m, 4H), 6.72 (s, 1H), 5.35 (s, 2H). 1*C
NMR (176 MHz, CD,CL) 8 136.2, 135.7, 135.3, 134.2, 132.1, 130.6, 129.7, 129.48, 128.6, 128.1, 58.1.
ESI HRMS calculated for C17H,CINsNa (M+Na)": 318.0768 found 318.0769. 6b (E): 'H NMR (600
MHz, CD,CL) 8 7.54 (s, 1H), 7.45 — 7.42 (m, 4H), 7.42 — 7.38 (m, 3H), 7.38 — 7.34 (m, 1H), 7.32 (d, ]
= 8.6 Hz, 2H), 7.21 (s, 1H), 5.60 (s, 2H). °C NMR (176 MHz, CD,CL) & 138.2, 136.3, 134.9, 134.3,

133.9, 133.9, 129.2, 129.2, 129.1, 128.5, 128.2, 123.7, 49.4. ESI HRMS calculated for Ci7HisCIN3

(M+H)": 296.0949 found 296.0948.

5/6¢ (2,3-bis(4-chlorophenyl)allyl)-1H-1,2,3-triazole.
White solids. 77% combined yield. 5¢ (£): 'H NMR (600

MHz, CD,CL) & 7.61 (s, 1H), 7.50 (s, 1H), 7.26 (d, ] = 8.3

Hz, 2H), 7.13 (d, ] = 8.5 Hz, 2H), 7.01 (d, ] = 8.4 Hz, 2H),
6.94 (d, ] = 8.5 Hz, 2H), 6.65 (s, 1H), 5.34 (s, 2H). *C NMR (176 MHz, CD,CL,) § 136.2, 135.8, 134.5,
1343, 134.2, 133.8, 131.0, 130.7, 130.5, 129.6, 128.7, 124.1, 57.9. ESI HRMS calculated for
CH14CLN; (M+H)™: 330.0559 found 330.0558. 6¢ (Z): 'H NMR (600 MHz, CD,Cly) 8 7.54 (s, 1H),
7.43 ~7.36 (m, 7TH), 7.32 (d, ] = 8.7 Hz, 2H), 7.12 (s, 1H), 5.55 (s, 2H). *C NMR (151 MHz, CD.CL)
8 138.0, 134.8, 134.7, 134.5, 134.4, 134.0, 133.6, 130.6, 129.4, 129.3, 128.3, 123.8, 49.3. ESI HRMS

calculated for C7HsCLN3; (M+H)™: 330.0559 found 330.0557.
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5/6d 1-(2-(4-bromophenyl)-3-phenylallyl)-1H-1,2,3-triazole.
White solids. 79% combined yield. 5d (E): '"H NMR (700 MHz,

CDCly) 8 7.66 (s, 1H), 7.45 (s, 1H), 7.39 (d, ] = 8.3 Hz, 2H),

7.18 — 7.15 (m, 3H), 7.00 — 6.97 (m, 2H), 6.94 (d, ] = 8.3 Hz,
2H), 6.70 (s, 1H), 5.35 (s, 2H). "C NMR (176 MHz, CDCl;) &
136.1, 135.2, 134.6, 134.2, 132.4, 132.1, 130.4, 129.5, 128.4, 128.1, 123.6, 122.4, 57.9. ESI HRMS
calculated for Ci7H14BrN3sNa (M+Na)™: 362.0263 found 362.0255. 6d (Z): 'H NMR (700 MHz,
CD:Cl) 6 7.54 (d, ] = 0.7 Hz, 1H), 7.48 (d, ] = 8.6 Hz, 2H), 7.44 — 7.42 (m, 4H), 7.39 (d, ] = 0.7 Hz,
1H), 7.38 — 7.35 (m, 1H), 7.34 (d, ] = 8.6 Hz, 2H), 7.21 (s, 1H), 5.59 (s, 2H). "C NMR (176 MHz,
CD.Cly) & 138.6, 136.3, 135.0, 134.0, 134.0, 132.3, 132.2, 129.2, 129.1, 128.5, 123.7, 122.5, 49.3. ESI

HRMS calculated for CisH;sBrN3s (M+H)™: 340.0444 found 340.0446.

Br 5/6e  1-(2,3-bis(4-bromophenyl)allyl)-1H-1,2,3-triazole.
White solids. 75% combined yield. 5 (£): '"H NMR (600

MHz, CDCIy) 8 7.66 (s, 1H), 7.44 (s, 1H), 7.40 (d, ] = 8.4

Hz, 2H), 7.27 (d, ] = 8.5 Hz, 2H), 6.92 (d, ] = 8.4 Hz, 2H),
6.83 (d, ] = 8.5 Hz, 2H), 6.58 (s, 1H), 5.33 (s, 2H). "C NMR
(151 MHz, CDCls) 8 135.7, 135.6, 134.2, 134.1, 132.5, 131.6, 130.9, 130.6, 130.3, 123.8, 122.8, 122.1,
57.7. ESI HRMS calculated for Ci7Hi3Br.2Ns (M+H)": 417.9549 found 417.9550. 6e (Z): '"H NMR
(600 MHz, CDCl3) 8 7.59 (s, 1H), 7.55 (d, ] = 8.4 Hz, 2H), 7.46 (d, ] = 8.4 Hz, 2H), 7.32 (s, 1H), 7.31
(d, ] = 8.5 Hz, 2H), 7.29 — 7.27 (m, 2H), 7.07 (s, 1H), 5.54 (s, 2H). "C NMR (151 MHz, CDCl;) &
138.0, 134.7, 134.3, 134.1, 133.5, 132.2, 132.2, 130.5, 128.2, 123.4, 122.8, 122.6, 49.1. ESI HRMS

calculated for C7HisBroN; (M+H)™: 417.9549 found 417.9544.
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Synthesis of hydrogenated triazole stilbene 13

A 1:1 (E):(Z) mixture of 11/12 a (0.060 g, 0.180 mmol, 1 Eq) was dissolved in 0.75 mL of MeOH and
placed in a vial charged with a stirbar. The mixture was sonicated for 5 minutes to allow for the stilbene
to completely dissolve. Then, 0.25 mL of Raney Nickel (1:1 in water) was added to the mixture. The
reaction vessel was sealed and the heterogeneous mixture was allowed to stir vigorously for 24 hours.
The mixture was filtered through celite, the celite was washed with 10 mL of THF, and the combined
organic fractions were collected and concentrated zz vacuo to yield 56 mg of a waxy cream coloured
solid (93%). The hydrogenated product (0.030 g, 0.089 mmol, 1 Eq) was dissolved in 0.3 mL of THF
and added to a vial. Then, 0.27 mL of tetrabutylammonium fluoride (1 M in THF, 0.27 mM, 3 Eq)
was added and the vial was sealed. The mixture was heated with stirring for 24 hours at 45 °C. The
reaction was quenched with saturated ammonium chloride solution, and the mixture was extracted
three times with dichloromethane (3 x mL). The combined organic layers were dried over sodium
sulfate and concentrated 7z vacuo. The resulting yellow oil was purified via silica gel chromatography
(0-50% EtOAc in hexanes) yielding 20 mg of a white amorphous solid (86% yield; 80% over two steps

from 11/12 a).

13 1-(2,3-diphenylpropyl)-1H-1,2,3-triazole. White solid. 'H NMR (600 MHz,
CDCL) 8 7.50 (s, 1H), 7.26 — 7.20 (m, 5H), 7.17 (t, ] = 7.3 Hz, 1H), 7.09 (d, |

= 7.0 Hz, 2H), 7.03 (d, J = 7.0 Hz, 2H), 6.99 (s, 1H), 4.71 (dd, ] = 13.7, 5.8

Hz, 1H), 4.49 (dd, ] = 13.7, 8.7 Hz, 1H), 3.54 — 3.47 (m, 1H), 3.04 (dd, ] =
13.6, 7.4 Hz, 1H), 3.00 (dd, ] = 13.6, 7.3 Hz, 1H). *C NMR (151 MHz, CDC;)
8 140.6, 138.7, 133.3,129.2, 128.9, 128.6, 127.8, 127.5, 126.6, 124.1, 55.0, 48.7,

39.8. ESI HRMS calculated for Ci7HisN3; (M+H)™: 264.1501 found: 264.1508.
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Synthesis of hydrogenated 1,2,4-triazole stilbenes 14 and 15

To a small vial with a stir bar was added NaH (0.008 g, 0.33 mmol, 2.0 Eq; previously washed with
hexanes) and 0.3 mL. THF. Then, 1,24-triazole (0.023 g, 0.33 mmol, 2.0 Eq) was added in small
portions, resulting in the immediate formation of hydrogen gas. The mixture was allowed to stir at
room temperature for 20 minutes before the addition of 1-bromo-2,3-diphenylpropene (prepared
from 9a using NBS as described above; 0.045 g, 0.165 mmol, 1.0 Eq.) in 0.3 mL THF. The reaction
was stirred at room temperature for 2.5 days. The reaction was quenched with the addition of 2 mL
water and 1 mL EtOAc. The organic layer was collected, and the aqueous layer was extracted with
EtOAc (3 x 2mL). The combined organic layers were washed with brine (2 mL) and dried over sodium
sulphate before concentration 7 vacno. The crude residue was purified using silica gel chromatography
(20-80% EtOAc in hexanes) and the desired fractions were concentrated to give 8 mg of 14 and 16

mg of 15 for a combined yield of 56%.

O O 14/15 1-(2,3-diphenylallyl)-1H-1,2 4-triazole. White solids. 56%
| | combined yield. 14 (E): "H NMR (600 MHz, CDCl) 8 7.90 (s, 1H),
N, O N, 7.85 (s, 1H), 7.30 — 7.27 (m, 3H), 7.14 — 7.10 (m, 3H), 7.06 (dd, ] =
6.5, 2.9 Hz, 2H), 7.00 - 6.97 (m, 2H), 6.65 (s, 1H), 5.13 (s, 2H). °C
NMR (151 MHz, CD,ClL,) 8 152.2, 143.9, 138.0, 136.7, 136.1, 131.1, 129.7, 129.3, 128.9, 128.4, 128.3,
127.8, 58.1. EST HRMS calculated for Ci7H N5 (M+H)": 262.1339 found 262.1345. 15 (Z) '"H NMR
(600 MHz, CD,Cl,) 8 7.89 (s, 1H), 7.83 (s, 1H), 7.48 — 7.40 (m, 6H), 7.38 — 7.29 (m, 4H), 7.19 (s,
1H), 5.38 (s, 2H). "C NMR (151 MHz, CD:Cl,) § 152.1, 143.5, 139.9, 136.7, 134.9, 134.5, 129.2,
129.1, 128.6, 128.3, 126.8, 49.3. ESI HRMS calculated for Ci7Hi¢Ns (M+H)™: 262.1339 found

262.1339.

82



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

Aromatase Assay

The velocity of biotransformation of fluorogenic substrates by cytochrome P450 19A1 was
determined by fluorescence intensity assays. Reactions were carried out at 37 °C in black, 96-well
plates (Costar) in a final volume of 200 uL. containing (final concentrations): potassium phosphate
buffer pH 7.4 (0.15 M), NADP (330 uM), glucose-6-phosphate (830 uM), MgCl. (845 uM), glucose-
6-phosphate dehydrogenase (70—-75 mU/well), the substrate DBF (0.248 uM), and test compounds in
DMSO (1%), and were started by the addition of the CYP19 enzyme (0.364 pmol/well). To
compensate for solvent effects on enzyme activities, 1% DMSO was present in all control wells. The
incubation time after the addition of CYP19 was of 1 h and then the reaction was stopped by adding 75
uL of 2 M NaOH to each well. The plate was incubated for an additional 2 h at 37 °C to improve the
signal-to-noise ratio of the assay (Stresser ¢ al., Anal. Biochem., 2000, 284, 427-430). In all cases, the
duration of the incubation and the enzyme concentration were in the linear range of metabolite
formation. Fluorescence was measured using a Biotek Synergy H4 Hybrid Reader at an excitation
wavelength of 485 nm and an emission wavelength of 535 nm. Fluorescein (5 pmol/well) was used as

the standard and ketoconazole (99 uM) was used as a fully inhibited enzyme blank.
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3 Wittig Synthesis and Applications of Alkenyl Phenols

3.1 Alkenyl phenols are common motifs in synthetic and biosynthetic processes

Alkenyl phenols are a common motif in many classes of natural products including curcuminoids,
stilbenes, lignans, and polyketides.'” The diverse array of natural products containing alkenyl phenols
demonstrate a range of biological effects including anti-inflammatory, anti-viral, anti-proliferative,
anti-oxidant and radical scavenging capabilities. The innate reactivity of alkenyl phenols also makes
them common precursors for more complex natural products. For example, homolignols such as
coniferyl and coumaryl alcohol are the biosynthetic precursors of lignan natural products and the
structural biopolymer lignin.”” As well, stilbene natural products often co-occur with
oligostilbenoids.>" In both cases, structurally complex natural products are produced via oxidative
couplings enabled by the alkenyl phenol functionality.

An important property of alkenyl phenols is their propensity to form quinone methides (QMs).
QMs are reactive Michael acceptors that are transiently formed and consumed in many biological
processes, such as the sclerotization of insect cuticles and eumelanin biosynthesis.' ™" They react with
biologically relevant nucleophiles including DNA, and their 7z vivo formation is likely responsible for
the cytotoxic activity of many phenolic chemotherapeutics.'*" In nature, alkenyl phenols are usually
converted to QMs via oxidative processes, but they also readily form QMs under acidic conditions via
addition of a proton to the electron rich alkene (Figure 3.1). As such, alkenyl phenols can be

considered the enol tautomer of QMs with a strongly pH dependent equilibrium.

FIGURE 3.1 Alkenyl phenols readily generate QMs under both oxidative and acidic conditions.
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Despite their ubiquity in biosynthesis, QMs were relatively unexplored by synthetic chemists
for decades as they were considered too reactive and short-lived for practical use; a 2002 review on o¢-

QMs deemed them “outside the synthetic mainstream.”

Since then, QMs have been the subject of
extensive research, appearing in numerous methodologies and total syntheses. ™ By 2014, a review
deemed them “tamed” and “domesticated”.” Unsurprisingly, alkenyl phenols are a common entry
point to QMs under both oxidative and acidic conditions.

The oxidative dimerization of alkenyl phenols has been used in several biomimetic syntheses
of natural products. For example, the dimerization of isoeugenol by hypervalent iodine was used to
prepare dehydrodiisoeugenol, also known as licarin A, in 35% yield as the key intermediate in the
synthesis of benzofuranoid neolignans from Myristica fragrans (Figure 3.2, A).** Interestingly, the
conversion of isoeugenol to licarin A using FeCl; was reported as early as 1933 and gives the product
in similar yield.™* Other benzofuranoids have been prepared from alkenyl phenols using
stoichiometric oxidants such as ceric ammonium nitrate or silver oxide.””® Conceptually similar
syntheses of resveratrol dimers and tetramers have been achieved using FeCp,PF, with protected

resveratrol derivatives (Figure 3.2, B).”*

A
| | FeCl; or | . —0
o} Phl(gzﬁb ° o = isoeugenol
—_— —_—
-, -H* -, -H*
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BnO N —
(0)
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el

(x)-quadrangularin A

OH OH

FIGURE 3.2 Some biomimetic syntheses of natural products via oxidation of alkenyl phenols.
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A body of work has shown that Pd(II) salts effectively catalyze the formation of 0-QMs from
o-alkenyl phenols under oxidative conditions.* Interestingly, the synthetic utility of this approach was
first demonstrated in Chapman e a/’s elegant one-step synthesis of carpanone in 46% yield from I-
propenyl-4,5-methylenedioxyphenol using stoichiometric PACl; (Fig 3.3, A).* However, the generality
of the reaction was unproven until the work by the Sigman group over three decades later. In their
initial work, Pd(MeCN).Cl, was used to oxidatively dimethoxylate alkenyl phenols, with methanol
acting as both solvent and nucleophile.” Significantly, no reaction occurred when the formation of a
quinone methide was prevented, for example by methylating the phenol. Later works expanded the

scope of these methods to include intramolecular cyclizations with pendant alcohols or amines and

4447

replace the alcoholic nucleophiles with electron rich heterocycles (Figure 3.3, B).
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FIGURE 3.3 Generation of s-quinone methides from ¢-alkenyl phenols using Pd(II). Although this
concept was first shown in Chapman ez a/’s synthesis of carpanone (A), general methods for palladium
catalyzed difunctionalization (B) and hydrofunctionalization (C) of oc-alkenyl phenols weren’t
developed until work by the Sigman group decades later.
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The Sigman group also found that z» situ generation of a palladium hydride species, for
example by the 3-hydride elimination of 1-chlorobutane, allowed for Markovnikov addition of various
nucleophiles across the double bond in an overall oxidatively neutral process (Figure 3.3, C).*" As
well, several inverse electron demand Diels-Alder reactions were developed, wherein electron rich
enol ethers were used to trap the QM intermediates. Importantly, the use of chiral ligands such as (.5)-
Pr-Quinox allowed the above processes to be performed with substantial enantiocontrol.**!

More recently, alkenyl phenols have emerged as useful substrates for generating QMs under
organocatalytic conditions. For example, both p- and ¢-alkenyl phenols have been used as 2n
components in asymmetric inverse electron demand Diels-Alder (Povarov) cyclizations (Figure 3.4).”*
* The formation of a reactive iminium species is catalyzed by a chiral phosphoric acid (CPA) and
allows attack by the alkenyl phenol with concurrent formation of a QM. A subsequent intramolecular

Friedel-Crafts alkylation on the reactive QM generates the piperidine core. The CPA is thought to

coordinate to both iminium and phenol group, and high enantioselectivity was possible for both o-
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FIGURE 3.4 Participation of alkenyl phenols in CPA catalyzed Povarov cyclizations. Both o and p-
alkenylphenols have been used to trap iminium species formed by CPAs 7 situ, resulting in asymmetric
inverse electron demand Diels-Alder reactions.
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FIGURE 3.5 CPA catalyzed hydrofunctionalization of alkenyl phenols. Both ¢ and p-alkenylphenols
have been converted to QMs by CPAs z situ, with subsequent trapping of the QM intermediate by
electron rich aromatics or hydride provided by a Hantzsch ester.

and p-alkenyl phenols. A mechanism invoking a quinone methide is supported by the fact that
methylating the substrate phenol leads to no or trace product formation, since the analogous methyl
ether can not be converted to a quinone methide.

In other reports, phosphoric acid catalysts have been used to directly protonate/tautometize
alkenyl phenols, with high enantioselectivity possible with the use of CPAs.”**™ The resultant QM’s
could be reacted with various nucleophiles, with electron rich aromatics being the most common
(Figure 3.5). The asymmetric reduction of the QM intermediates using Hantzsch ester has also been
reported. Interestingly, in one of the control experiments wherein a benzylic alcohol was used instead
of the alkene moiety, the e.e. was significantly reduced despite proceeding through a similar proposed
mechanism.” This highlights the synthetic advantages alkenyl phenols can provide in the development
of asymmetric synthetic methods.

Despite their growing recognition as synthetically useful substrates, there are relatively few
ways to prepare alkenyl phenols without the use of protecting groups. The innate reactivity of many

alkenyl phenols makes them incompatible under a range of synthetic conditions. For example, early
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attempts to prepate p-vinylphenol noted that it readily polymerized in air even at 0 °C, and that this
process was promoted by even trace amounts of acid.®**' As well, in methods using protecting groups,
the substrate and product sensitivity can also result in low yields in otherwise straightforward
deprotections. Nevertheless, a handful of relatively simple alkenyl phenols can be prepared from
commercially available starting materials. For example, propenylphenols are readily obtained by the
thermal isomerization of allyl phenols with KO7Bu, or using various transition metals under inert
atmosphere.” As well, a simple entry to homolignols or vinylphenols is provided by the respective
hydride reduction or decarboxylation of the cotresponding cinnamic acids.”*” Unfortunately, these
methods are often limited to commercially available or naturally abundant substrates and do not
provide general access to the alkenyl phenol functionality.

Phenolic stilbenes can be prepared by transition metal catalyzed cross-couplings, in particular
the palladium catalyzed Mizoroki-Heck reaction between styrenes and halogenated phenols or
between vinyl phenols and aryl halides. Unfortunately, yields on the cross coupling tend to be low (30-
60%) and require harsh conditions, e.g. heating in triethanolamine at 100 °C for 24 hours.®*” The
difficulties associated with accessing phenolic stilbenes is highlighted in a recent paper focusing on
the synthesis of resveratrol via Mizoroki-Heck reaction; even after extensive optimization, resveratrol
was only obtained in 77% yield when accounting for necessary deprotection of the phenols.” As well,
methods that use vinyl phenols typically prepare them using low-yielding Wittig reactions (vide infra),
and there are relatively few cases that provide access to o-hydroxystilbenes®”" Rhodium (III) catalyzed
cross-couplings provide better access to o-alkenyl phenols; a 2013 report details the C-H activations
of directing group protected phenols and their coupling with various conjugated olefins, and a 2014
paper describes the coupling of ¢-hydroxystyrenes with aryl boronic acids. > However, the same
methods cannot be used to provide 7 and p-alkenyl phenols. Thus, transition metal catalyzed cross-

couplings also fail to provide general access to alkenyl phenols.
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It is worth noting that synthetically useful alkenyl phenols and phenolic stilbenes are also
difficult to access using the Wittig reaction, despite its pre-eminence in olefin synthesis. Numerous
phenolic aldehydes are readily available and would seem an obvious substrate for Wittig olefinations
leading to alkenyl phenols. However, the basic conditions of the Wittig reaction results in
deprotonation of the phenol and electronic deactivation of the aldehyde to attack by the ylide. This
can be partially overcome by using large excesses of unhindered ylides. Vinyl phenols, substrates for
the Mizoroki-Heck reactions used to produce phenolic stilbenes, are often prepared in yields around
60-70% from the respective aldehydes via Wittig reactions with 2.5 — 3.0 equivalents of

5% More complicated alkenyl phenols are not typically prepared

methyltriphenylphosphonium iodide.
using the Wittig reaction because issues with atom economy and yield are compounded by poor
(E):(Z) selectivity.” Many syntheses of phenolic stilbenes are known wherein the phenols are protected
prior to the Wittig and deprotected after, but yields in the deprotection step are often
disappointing.”™"™""

Given the ubiquity of alkenyl phenols in natural products, their growing use in asymmetric
synthesis, and the difficulty in directly accessing these compounds, the McNulty group decided to
develop a highly stereoselective, protecting group free Wittig methodology for their synthesis. This
work is described below, and a manuscript is in preparation. A. J. Nielsen developed the method and
synthesized compounds with the assistance of W. J. Lin, who was a thesis student under his

supervision, and D. McLeod offered expertise on phosphonium salt preparation and insight to

reaction optimization.
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3.2 One-pot, protecting group free synthesis of hydroxy stilbenes and alkenyl
phenols

Previous successes by the McNulty group in the development of Wittig methodologies using
trialykylphosphine-derived ylides, inspired the exploration of a protecting group free synthesis of
alkenyl phenols using a Wittig protocol. There are two obvious disconnections for accessing the
desired compounds. The first involves the reaction of relatively common phosphonium salts with
phenolic aldehydes (Scheme 3.1, Route A). However, the phenolic groups present on the aldehydes
will be deprotonated under the basic conditions of the Wittig reaction, electronically deactivating the
aldehyde groups from attack by the phosphorous ylide. Although there are Wittig reactions reported
on phenolic aldehydes, they typically use sterically unhindered non-stabilized ylides (e.g. methyl or
ethyltriphenylphosphorane) in excess to obtain the product alkenes in acceptable yields, and (E):(Z)
selectivity is poor.™

The second disconnection involves the preparation of phosphonium salts 1 featuring free
phenol groups and exploring their reactions with various aldehydes (Scheme 3.1, Route B). The use
of trialkylphosphine instead of triphenylphosphine derived salts should confer high (E) selectivity and
simplify purification, and the resulting phosphine oxide would be readily water soluble. Unclear in this
route is whether the ylides of these phosphonium salts would be readily generated; at least two
equivalents of base would be necessary, the first being consumed via deprotonation of the phenol.

Indeed, in a previous Wittig synthesis of hydroxystilbenes using protected phosphonium salts similar

0]

PP B = eB
r3 Br PPr.Br H
~©/\ <: HO g =y

1

SCHEME 3.1 Retrosynthetic analysis of alkenyl phenols and hydroxystilbenes. There are two obvious
disconnections using the Wittig reaction; Route A involves the use of common phosphonium salts on
phenolic aldehydes, while Route B uses unusual phosphonium salts 1 with a free phenol and variably
functionalized aldehydes.
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® O
H PPrs-HBr
HO~©/\O e HO~©/\PPr3 Br , H,0
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< j©/\PPr3 Br /©/\PPr3 Br j@/\PPr3 Br ©\/\PPr3 Br
HO HO ~o OH

1a (94%) 1b (97%) 1c (93%) 1d (94%)

SCHEME 3.2 Synthesis of phenolic phosphonium salts 1. The salts were obtained in excellent yields
directly from commercially available hydroxybenzyl alcohols by heating with tripropylphosphine-HBr.
to 1, it was argued that it would not be possible to generate the ylide from salts with free phenols in
the ortho or para position since resonance from the corresponding phenolate anions would deactivate
the benzylic position to deprotonation.” As well, there was concern about the possibility of these salts
decomposing under basic conditions via elimination of the phosphine and formation of a quinone
methide. Nevertheless, the known issues associated with Route A prompted exploration of Route B.

It was found that phosphonium salts 1 with substitution of a phenol at either the o, 7, or p
position were readily prepared using a method previously reported by the McNulty group in the
synthesis of pterostilbene.” Simply heating a concentrated mixture of readily available hydroxybenzyl
alcohols and tripropyl phosphine-HBr overnight in acetonitrile gave the salts 1 in effectively
quantitative yields (Scheme 3.2). In all cases, pure product could be obtained by removing the solvent
in vacno followed by trituration with a small amount of diethyl ether or ethyl acetate. Of note, the
reaction producing salt 1d proceeded slower and seemed to retain more water than the other reactions,
possibly because water can be trapped by hydrogen bonding between the phenol and benzyl alcohol
ot phosphonium groups.

A thorough search of the literature proved concerns about the decomposition of salts 1 under
basic conditions to be unwarranted. The preparation of salt 1a in 57% yield was previously reported
by Moiseev et al., who generated QMs via the thermal dehydration of ¢- and p-hydroxybenzyl alcohols

and trapped them with various trialkylphosphines, giving phosphobetaines (Figure 3.6).”
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FIGURE 3.6 Thermal generation of phosphobetaines from hydroxybenzyl alcohols. Previous work
by Moiseev ¢# al. demonstrates that the decomposition of phosphobetaines to phosphines and QMs
is unfavorable.”

Subsequent treatment with HCI produced the phosphonium salts in yields ranging from 56-96%.
Thus, the equilibrium of free phosphine and QM versus phosphobetaine clearly favors the latter even
at elevated temperatures, and deprotonation of salts 1 should not result in the formation of substantial
amounts of free phosphine. It is worth noting that this method cannot be used to generate 7-hydroxy
substituted phosphonium salts, since the corresponding benzyl alcohols do not eliminate to form
QMs, and the new method of preparing salts 1 is both higher yielding and more general.

Having prepared phenolic phosphonium salts 1a-d and being convinced of their stability
under basic conditions, their use in Wittig reactions using various aromatic aldehydes was explored.
Gratifyingly, it was found that using two equivalents of strong base allowed for the double
deprotonation of the salts at 0 °C, in direct contrast to previous expectations. The addition of an
aromatic aldehyde to these unusual anionic ylides gave the desired phenolic stilbene products 2 in
yields consistently around 65-80% and very high (99:1) (E):(Z) ratio (Table 3.1). Importantly, this
reaction worked on salts with phenolic substitution in any position on the aromatic ring. The lowest
yield was observed when using 4-nitrobenzaldehyde, as the product stilbene decomposed rapidly
decomposed during silica gel chromatography (Table 3.1, Entry 7). Of note, this method allows for a

protecting group-free synthesis of the natural product pterostilbene 2i.
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TABLE 3.1 Protecting group free synthesis of phenolic stilbenes 2

(0]
® o . Q@ O Y
PPr; Br BuLi (2.6 eq.) PPrs y H 0°C, THF NN
> + R
0°C, THF e then aqg. HCI
(0] HO

"o 1(1.3eq.) 1.0 eq. 2
Entry Salt Benzaldehyde (Y=) Product Yield* (B):(2)°
1 la H 2a 71 99:1
2 la 4-Cl 2b 63 99:1
3 1a 4-Br 2c 75 99:1
4° la 4-Br 2c 67 99:1
5¢ 1a 4-Br 2¢ 38 n.d
6 1a 3,4-methylenedioxy 2d 70 99:1
7 la 4-NO, 2e 25 99:1
8 1b H 2f 64 99:1
9 1b 4-Cl 2g 64 99:1
10¢ 1b 4-Cl 2g 40 99:1
1 1b 4-Br 2h 75 99:1
12 1b 3,5-dimethoxy 2i 63 99:1
13 1c 4-Br 2j 68 99:1
14 1d H 2k 79 99:1
15 1d 4-Cl 21 67 99:1

*Isolated yield of spectroscopically pure product. ® Determined by integration in 'H NMR.
“NaH used instead of BulLi. ¢ Deprotonation performed at -78 °C; crude yield reported. ¢ 2.0
equivalents of LiBr were added.

For these reactions #-Bul.i was chosen for its ready availability and operational ease of use,
but other suitably strong bases such as NaH also worked, giving the desired product albeit in slightly
lower yield (Table 3.1, Entry 4). Although the reaction worked with a variety of benzaldehydes with
excellent stereoselectivity, attempts were made to improve the yield of stilbenes 2. Performing the
reaction -78 °C resulted in a much lower yield of stilbene product (Table 3.1, Entry 5), leading to the
consideration that the salts may not be completely deprotonated under these conditions. It was
thought that the addition of Lewis acidic lithium bromide might coordinate the phenolate anion,
allowing for a more facile deprotonation of the benzylic carbon. Instead, the addition of LiBr also

resulted in a much lower yield (Table 3.1, Entry 10) possibly due to ionic screening of the ylide.
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Although unable to improve the yield of these reactions, it is worth noting that this one-pot, protecting
group-free method is higher yielding and more stereoselective than previously reported methods
employing a Wittig reaction followed by deprotection.”>"

Further work explored the Wittig reaction of phosphonium salts 1 with aliphatic and
conjugated aldehydes to give alkenyl phenols 3 and phenolic dienes 4 (Table 3.2). When the reactions
were performed at 0 °C, (E):(Z) ratios were lower than when the same reactions were performed at -
78 °C (Table 3.2, Entries 4 and 5, 9 and 10). As well, yields were generally lower than the reactions
with aromatic aldehydes, but this is readily explained. An enolizable aldehyde has an approximate pKa

of 17 and benzyltriphenylphopshonium bromide has a pKa of 17.4 in DMSO." However, the pKa of

the benzylic hydrogens for salts 1 are likely much higher than this because of their conjugation to an

TABLE 3.2 Protecting group free synthesis alkenyl phenols 3 and dienyl phenols 4

® © 0 ; xR
PPr. Br BuLi (2.6 eq.)
HO~©/\ 3 By RJLH e HO*@A/
1(1.3eq) 1.0 eq. 3/4
Entry Salt Aldehyde (R=) Temp. (°C) Product Yield® (E):(2)°
1 1a Propanal (-C,Hs) -78 3a 58 95:5
2 la Pentanal (-C4Ho) -78 3b 57 95:5
3 1b Propanal (-C,Hs) -78 3c 61 95:5
4 1b Pentanal (-C4Ho) -78 3d 51 98:2
5 1b Pentanal (-C4Ho) 0 3d 46 85:15
6 1d Pentanal (C4Ho) -78 3e 22 95:5
7 la (E)-hexenal -78 4a 58 95:5
(-HC=CHGC;Hy)
8 la (E)-cinnamaldehyde 0 4b 68 99:1
(-HC=CHCHy)
9 1b (E)-hexenal 0 4c 46 95:5
(-HC=CHGC;Hy)
10 1b (E)-hexenal -78 4c 38 98:2

(-HC=CHC;H>)

*Isolated yield of spectroscopically pure product. * Determined by integration in 'H NMR.
Dienes are reported as the (E):(Z) ratio of the newly formed double bond.
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electron-rich phenolate anion. This outcome is compounded by the fact that trialkylphosphonium
salts are more basic than their triphenyl counterparts due to higher electron density around the
phosphorus. The relatively high basicity of the anionic ylides generated from 1 may cause simple acid-
base processes to dominate at room temperature, resulting in the formation enolates and enabling
non-productive side reactions. This hypothesis is further supported by the fact that cinnamaldehyde,
which contains no enolizable protons, gives the desired diphenyl diene in acceptable yields even when
performed at 0 °C (Table 3.2, Entry 8). Overall, alkenyl phenols and phenolic dienes of varying chain
length could be obtained in yields generally in the range of 40-70% and with (E):(Z) selectivity at or
above 95:5 under optimal conditions.

This work also granted a much better appreciation for the inherent reactivity of some of these
electron rich alkenes. While the phenolic stilbenes 2 and diphenyl diene 4b were stable for months if
stored dry, alkenyl phenols 3 decompose within the span of several days at room temperature if not
carefully stored under nitrogen. Even storing the samples in the freezer did not prevent degradation
if they were sealed under air. An NMR spectrum was taken of alkenyl phenol 3d after being stored at
room temperature for one month revealing only trace amounts of 3d remaining. From the crude
mixture, peaks corresponding to 4-hydroxybenzaldehyde were clearly present, suggesting an
ozonolysis-like mechanism of decomposition. The sensitivity of these substrates to air may also play
a role in the somewhat lower yields of reactions producing alkenyl phenols 3 and dienes 4, as rigorous
exclusion of air is difficult during standard organic workup and chromatography; if performed on
larger scales, vacuum distillation of 3 and 4 may be more appropriate.

Overall, a protecting group-free methodology capable of accessing a variety of conjugated
phenols with very high stereoselectivity was developed, and biological and synthetic applications of
these products were eagerly explored. The most developed synthetic application is the topic of Chapter

4, wherein alkenyl phenols are used in a novel organocatalytic [2+2] cycloaddition. For biological
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applications, stilbenes 2 were deemed to be more suitable candidates as they demonstrated higher
stability under biologically relevant conditions. Their potential as anti-viral agents was explored and is

discussed in detail in Chapter 3.3.

3.3 Evaluation of hydroxystilbenes for anti-HSV activity in three cell lines

Approximately 60-80% of all people globally have been infected with HSV-1, which results in a life-
long latent infection in the dorsal root ganglion with recurrent episodes of active lytic infection.”*
The active lytic phase of viral replication is typically associated with the occurrence of open sores on
the mucosa and general malaise, but active infections may also occur in the brain, leading to a condition
known as herpes simplex encephalitis (HSE).** HSE is uncommon in immunocompetent individuals,
but is much more common in immunocompromised individuals, such as infants and the elderly. HSE
is fatal in 70% of cases if left untreated and treatment with high-dose antivirals (e.g. acyclovir) only
reduces mortality to 30%, with half of survivors experiencing serious long-term neurological sequelae.
Fetal exposures to HSV frequently prove fatal, and neural progenitor cells are highly susceptible to
HSV infection.”* Finally, there is growing evidence of etiological links between early HSV-1 infection
and later development of diseases associated with cognitive impairment, such as schizophrenia.””
There are no known vaccines or cures for HSV-1. Acyclovir is frequently and successfully
used to suppress the lytic stage of viral infection in mucosal tissues but does not affect the latent
infection in the dorsal root ganglion. As well, it is toxic to the kidneys and brain, and the high doses
required to treat active infections in the brain can result in renal failure.””> Furthermore, acyclovir

administration improves survival rates in neonatal HSE but does not reduce the risk of substantially

impaired neurological development.*>® Viral resistance to acyclovir treatment is also a growing
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concern, particularly in the immunocompromised population, where the rate of resistance is 30 times
that of the immunocompetent population.”™”*

For the most of the duration of this thesis, the McNulty research group had a collaboration
with the Stanley Medical Research Institute (SMRI) with a focus on discovering treatments for latent
infections in the brain. For the reasons discussed above, there has been substantial effort to discover
novel therapeutics that can better treat active HSV infections in the brain and possibly cure the latent
viral infection. Many HSV assays are based in non-neural cell lines that may not be accurate predictors
of antiviral effect in neural cells. Researchers at the SMRI developed anti-HSV assays in neural
progenitor cells (NPCs) and differentiated neurons derived from human induced pluripotent stem
cells (hiPSCs) and tested a library of compounds developed by the McNulty group, comparing the
assay results in neural tissues with the results from testing in an epithelial cell line (Vero).”” In brief,
the three different cell lines were infected with an HSV-1 strain engineered to express enhanced green
fluorescent protein and treated with the drugs at 10 or 50 pM after two hours, with fluorescence being
measured after 24 hours in NPCs and Vero cells or 48 hours in hiPSC neurons. Acyclovir was used
as a positive control. The assay results were published by D’Atuto ez /. in the journal Antiviral Research
with several coauthor contributors from the McNulty group, including the author of this thesis.”

Included in the library of compounds tested were a number of the hydroxystilbenes generated
using the previously discussed Wittig methodology as well as resveratrol, which can be prepared by
the demethylation of 2i via literature procedure using BBrs.” It was anticipated that these compounds
might demonstrate anti-HSV activity, as the antiviral activity of select natural product stilbenes has
been widely reported.”” In particular, the effects of resveratrol on HSV infections in several non-
neural cell lines have shown it to inhibit viral transcription, protein and DNA synthesis and lead to a

rapid albeit transient generation of reactive oxygen species that further inhibit viral replication.'**""

Topical applications can also reduce the development of herpetic lesions in mouse models.'"'*
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FIGURE 3.7 Effect on HSV-1 viral replication by hydroxystilbenes in three different cell lines. Seven
stilbenes were tested in two neural and one epithelial cell line at both 10 uM (A) and 50 pM (B) for
effects on HSV proliferation, correlated to the expression of EGFP. X-axis is the relative fluorescence
of the treated cells versus an untreated negative control; values near unity imply no effect. Results are
summatized in a heatmap (C). Acyclovir is a positive control. Modified from D’Aiuto e al.”
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Interestingly, the assay results did not corroborate those of previous studies which indicated
possible antiviral activity of resveratrol and related stilbenes (Figure 3.7, A-C). At both concentrations
tested, none of the compounds reduced viral replication by more than 25% in either Vero or NPC
lines. While several stilbenes including resveratrol seemed to moderately inhibit it HSV at 10 pM in
the neuronal cell line, most of these compounds either had lesser antiviral effect or actually increased
viral replication at 50 pM. The antiviral effect of resveratrol increased slightly at 50 uM but still failed

to inhibit viral replication to a 50% benchmark.
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These findings were surprising, especially for resveratrol which had no effect in Vero and NPC
cell lines despite previous studies that reported an anti-HSV effect in the Vero line.'"™"" However, it
is known that natural product-like hydroxystilbenes are generally bad drug candidates as they usually
have low aqueous solubility, poor target specificity, low potency, are rapidly metabolized, and display
pleitropic effects i vivo.'”™""? Any or all of these factors may explain the appatrently nonsensical
stimulation of viral replication at high concentration despite very slight inhibition at low concentration.
Indeed, it was never expected that these compounds would be suitable for clinical use. Instead, it was
hoped that these results would confirm and expand upon the results of previous studies, providing
preliminary SAR and a starting point for the creation of more drug-like molecules. Given the results
obtained from these assays, antiviral applications for the alkenyl phenols or stilbenes produced using

the previously discussed Wittig methodology are not being pursued.

3.4 Conclusions and future work

A straightforward synthesis of alkenyl phenols, a sensitive but synthetically useful function group, has
been developed. Due to disappointing antiviral activities displayed by some of the derivatives prepared
using this method, further exploration of biological applications is a low priority. Instead, the
exploration of synthetic applications for these alkenyl phenols should be a more fruitful avenue of
research. Indeed, some of the derivatives prepared using this method were advantageously used in a
novel organocatalytic [2+2] cycloaddition, which is the topic of the following chapter. Current efforts
in the McNulty lab are focused on the development of other cyclizations using alkenyl phenols as
substrates. The ready formation of reactive quinone methides from alkenyl phenols under both

oxidative and acidic conditions is sure to be exploited in future methodologies.
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3.5 Experimental

General

All reactions were carried out under nitrogen atmosphere in oven-dried flasks, unless otherwise stated.
All fine chemicals were obtained from Sigma Aldrich and used without further purification, except
tripropylphosphine which was provided by Solvay Cytec Group. Tetrahydrofuran was distilled over
sodium/benzophenone under nitrogen atmosphere. Reactions were monitored using thin layer
chromatography (TLC) using Macherey-Nagel silica gel 60 Fass TLC aluminum plates and visualized
with UV fluorescence and staining with 2,4-dinitrophenylhydrazine or vanillin stains. Bulk solvent
removal was performed by rotary evaporation under reduced pressure. For reactions with solvent
volumes under 3 ml, the solvent was evaporated under a stream of nitrogen. Column
chromatographic purification was performed using Silicycle silica gel (40—-63 pM, 230-400 mesh) with
technical grade solvents. Yields are reported for spectroscopically pure compounds, unless stated

otherwise.

Data Analyses

HRMS (EI) were performed with a Waters GCT and HRMS (ESI) were performed on a Waters QToF
Global Ultima spectrometer. 'H and "C NMR spectra were recorded on a Bruker AV 600
spectrometer in with TMS as internal standard, chemical shifts (5) are reported in ppm downfield of
TMS and coupling constants () are expressed in Hz. 'H-decoupled *'P NMR are reported downfield
from an external standard of 85% H;PO, in H2O. (E):(Z) ratios were determined from the relative

integration in the '"H NMR spectra. Melting points are uncorrected.
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Preparation of Tripropylphosphine hydrobromide:

Tripropylphosphine (9.60 mlI., 48 mmol, 1 eq.) was added to an oven-dried round bottom flask under
nitrogen along with a magnetic stir bar. After cooling to 0 °C, aqueous hydrobromic acid (48% w/v,
5.42 mlL, 48 mmol, 1 eq.) was added dropwise and the reaction was stirred overnight with gradual
warming to room temperature. The mixture was then extracted with dichloromethane (3 x 5 mL) and
the combined organic layers were dried over magnesium sulphate and concentrated under reduced
pressure to give the desired product. 93% yield (10.7g), fine white powder. 'H NMR (600 MHz,
CDCls) 8 7.60 — 6.73 (hept d, | = 485.9, 5.6 Hz, 1H), 2.37 — 2.30 (m, 6H), 1.66 — 1.57 (m, 6H), 0.98
(td, J = 7.3, 0.9 Hz, 9H); "C NMR (151 MHz, CDCls) 8 19.1 (d, ] = 46.4 Hz), 16.6 (d, ] = 4.5 Hz),

15.1 (d, ] = 15.6 Hz); *'P NMR (243 MHz, CDCl5) & 8.6. All data are in accordance with the literature.'

General experimental procedure for the synthesis of benzyl phosphonium salts 1:
Tripropylphosphine hydrobromide (1.0 eq.), benzyl alcohol (1.0 eq.) and acetonitrile (0.1

mL/mmol) were added to an oven-dried vial and sealed under nitrogen. The sealed vials were then

heated at 100 °C overnight. The resulting precipitate was washed with diethyl ether or ethyl acetate

and then dried under high vacuum to obtain the pure product.

o %Pr? . la (4-hydroxy-3-methoxybenzyl)tripropylphosphonium bromide. 94% yield
Hoj@/\ (1.27 g), white solid. "H NMR (600 MHz, MeODy) 8 6.93 (t, ] = 2.2 Hz, 1H),
6.84 (d, ] = 8.1 Hz, 1H), 6.76 (dt, ] = 8.1, 2.5 Hz, 1H), 4.84 (s, 1H), 3.88 (s, 3H), 3.67 (d, ] = 14.2 Hz,
2H), 2.21 — 2.13 (m, 6H), 1.65 — 1.55 (m, 6H), 1.10 (td, | = 7.3, 1.7 Hz, 9H); "C NMR (151 MHz,
MeODy) 6 149.7, 148.2,123.7 (d, ] = 5.5 Hz), 120.2 (d, ] = 8.8 Hz), 117.1, 114.4 (d, ] = 4.6 Hz), 56.7,
26.8 (d, ] = 45.6 Hz), 21.3 (d, ] = 47.4 Hz), 16.3 (d, ] = 4.4 Hz), 15.8 (d, ] = 16.4 Hz); >'P NMR (243
MHz, MeODy) 8 30.9. M.P. = 199-200 °C (recrystallized from ACN). All data are in agreement with

the literature.’
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/@/\%Pr? g 1b (4-hydroxybenzyl)tripropylphosphonium bromide. 97% yield (2.70 g), fine
HO white powder. '"H NMR (600 MHz, MeODy) & 7.18 (d, | = 8.4 Hz, 2H), 6.85
(d, ] = 8.2 Hz, 2H), 4.83 (s, 1H), 3.68 (d, | = 14.2 Hz, 2H), 2.20 — 2.12 (m, 6H), 1.63 — 1.54 (m, 6H),
1.09 (t, ] = 7.2 Hz, 9H); "C NMR (151 MHz, MeODy) § 159.0, 132.2 (d, ] = 5.0 Hz), 119.7 (d, ] = 8.8
Hz), 117.3,26.5 (d, ] = 45.6 Hz), 21.3 (d, ] = 47.2 Hz), 16.3 (d, ] = 4.7 Hz), 15.8 (d, ] = 16.2 Hz); *'P

NMR (243 MHz, MeODy) & 30.8. All data are in agreement with the literature.'

HO:©/\%Pr®Br 1c (3-hydroxy-4-methoxybenzyl)tripropylphosphonium bromide. 93% yield,
3

~

0 white/light yellow powder. 'H NMR (600 MHz, MeOD,) § 6.97 (d, ] = 8.8 Hz,

1H), 6.79 — 6.76 (m, 2H), 4.83 (s, 1H), 3.86 (s, 3H), 3.65 (d, ] = 14.4 Hz, 2H), 2.20 — 2.12 (m, 6H),
1.65 — 1.55 (m, 6H), 1.10 (td, ] = 7.3, 1.7 Hz, 9H); °C NMR (151 MHz, MeOD,) & 149.4, 148.5, 122.3
(d,] = 5.5 Hz), 121.8 (d, ] = 8.8 Hz), 117.7 (d, ] = 4.5 Hz), 113.4, 56.5, 26.6 (d, ] = 45.6 Hz), 21.3 (d,
] =471 Hz), 163 (d, ] = 4.4 Hz), 158 (d, ] = 16.4 Hz); *P NMR (243 MHz, MeOD,) & 31.0. ESI

HRMS calculated for Ci7H3O2P"(M-Br) 297.1978, found 297.1988.

%Pr?Br 1d (2-hydroxybenzyl)tripropylphosphonium bromide. 94% yield (0.66 g), white
©\/C; solid. "H NMR (600 MHz, MeODy) 8 7.26 — 7.20 (m, 2H), 6.93 — 6.87 (m, 2H), 4.85
(s, 1H), 3.66 (d, ] = 14.6 Hz, 2H), 2.20 — 2.14 (m, 6H), 1.65 — 1.56 (m, 6H), 1.09 (td, ] = 7.3, 1.7 Hz,
9H); “C NMR (151 MHz, MeODy) 8 156.9 (d, ] = 4.6 Hz), 132.7 (d, ] = 5.1 Hz), 131.1 (d, ] = 1.8
Hz), 121.3, 116.5, 116.3 (d, ] = 8.7 Hz), 22.2 (d, ] = 46.9 Hz), 21.9 (d, ] = 46.2 Hz), 16.3 (d, ] = 4.5
Hz), 15.8 (d, ] = 16.7 Hz); P NMR (243 MHz, MeOD,) & 32.0. ESI HRMS calculated for

CisH2sOP"(M-Br) 267.1872, found 267.1885. M.P. = 123-124 °C (rectystallized from ACN).
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General experimental procedure for the synthesis of E-stilbene derivatives 2:

Benzyl phosphonium salt 1 (1.3 eq.) was dissolved in dry THF (1.2 mL/mmol) in an oven-
dried two-necked round bottom flask along with a magnetic stir bar. The flask was purged and sealed
under nitrogen to maintain an anhydrous and oxygen free environment. After cooling to 0 °C, #-butyl
lithium (1.6 M in hexanes, 2.6 eq.) was added dropwise and the reaction was stirred for 40 minutes
before the dropwise addition of functionalized benzaldehyde (1.0 eq.) in dry THF (0.8 mL/mmol).
The solution was maintained at 0 °C for 30 minutes prior to warming to room temperature, and the
reaction was stirred until complete consumption of the aldehyde was observed by TLC (typically
overnight). Then, the reaction was quenched via dropwise addition of 0.1 N HCIL The crude reaction
mixture was then extracted with ethyl acetate (3 x 5 mL for /2 mmol scale), and the combined organic
extracts were dried over magnesium sulphate, filtered, and concentrated under reduced pressure. The

crude product was purified by silica gel column chromatography to yield the (E)-stilbene 2.

O 2a (E)-2-methoxy-4-styrylphenol. 71% yield (62 mg), coloutless crystalline
;Z O S plates, 99:1 (E):(Z). '"H NMR (600 MHz, CDCls) 8 7.49 (d, ] = 7.3 Hz, 2H),
7.35 (t, ] = 7.7 Hz, 2H), 7.24 (t, ] = 7.4 Hz, 1H), 7.07 — 7.01 (m, 3H), 6.96 (d, ] = 16.3 Hz, 1H), 6.91
(d, ] = 8.1 Hz, 1H), 5.65 (s, 1H), 3.96 (s, 3H); "C NMR (151 MHz, CDCl;) 8 146.8, 145.7, 137.7,
130.2, 128.8, 127.4, 126.7, 126.4, 120.6, 114.7, 108.4, 56.1; ESI HRMS calculated for C1sHi30, (M-

H") 225.0916, found 225.0922. M.P. = 123-125 °C (recrystallized from EtOH).

o 2b (E)-4-(4-chlorostyryl)-2-methoxyphenol. 63% yield (63 mg), off-
_0 O AN white crystalline solid, 99:1 (E):(Z). "H NMR (600 MHz, CDCl3) § 7.41
HO (d, ] = 8.5 Hz, 2H), 7.31 (d, ] = 8.5 Hz, 2H), 7.05 — 6.97 (m, 3H), 6.93

— 6.87 (m, 2H), 5.70 (s, 1H), 3.95 (s, 3H); °C NMR (151 MHz, CDCl3) & 146.9, 145.9, 136.2, 132.9,
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129.8,129.4, 128.9, 127.5, 125.3, 120.7, 114.7, 108.4, 56.1; ESI HRMS calculated for C1sH,0,Cl (M-

H") 259.0526, found 259.0526. M.P. = 116-117 °C (recrystallized from EtOH)

Br 2c (E)-4-(4-bromostyryl)-2-methoxyphenol 75% yield (88 mg), yellow
0 O X O crystalline solid, 99:1 (E):(Z). '"H NMR (600 MHz, CDCls) & 7.46 (d, |
HO = 8.5 Hz, 2H), 7.34 (d, | = 8.5 Hz, 2H), 7.06 — 6.99 (m, 3H), 6.92 (d, |
= 8.7 Hz, 1H), 6.87 (d, ] = 16.3 Hz, 1H), 5.71 (s, 1H), 3.95 (s, 3H); "C NMR (151 MHz, CDCl;) &
146.9, 145.9, 136.6, 131.8, 129.7, 129.5, 127.8, 125.3, 120.9, 120.7, 114.7, 108.4, 56.0, ESI HRMS

calculated for CisH2O."Br (M-H")" 303.0021, found 303.0021.

o 2d (E)-4-(2-(benzo[d][1,3]dioxol-5-yl)vinyl)-2-methoxyphenol. 70%
LI

-0 O yield (72 mg), tan crystalline solid, 99:1 (E):(%). '"H NMR (600 MHz,
HO

2H), 6.87 (s, 2H), 6.79 (d, ] = 8.0 Hz, 1H), 5.97 (s, 2H), 5.63 (s, 1H), 3.95 (s, 3H); *C NMR (151 MHz,

CDCl) 8 7.04 (d, ] = 1.7 Hz, 1H), 7.02 — 6.98 (m, 2H), 6.93 — 6.89 (m,

CDCly) & 148.3, 147.2, 146.8, 145.5, 132.3, 130.2, 127.1, 126.4, 121.2, 120.4, 114.7, 108.6, 108.2, 105.5,
101.2, 56.1; EST HRMS calculated for Ci¢H:05 (M-H") 269.0814, found 269.0822. M.P. = 149-150 °C

(recrystallized from EtOH).

NO, 2e (E)-2-methoxy-4-(4-nitrostyryl)phenol. 25% yield (25 mg), orange
0 O X O crystalline solid, 99:1 (E):(Z). "H NMR (600 MHz, CDCls) & 8.21 (d, |
HO = 8.8 Hz, 2H), 7.60 (d, ] = 8.8 Hz, 2H), 7.20 (d, / = 16.2 Hz, 1H), 7.10
—7.06 (m, 2H), 6.99 (d, ] = 16.3 Hz, 1H), 6.94 (d, ] = 8.1 Hz, 1H), 5.77 (s, 1H), 3.97 (s, 3H); "C NMR
(151 MHz, CDCl5) 8 147.0, 146.8, 1406.6, 144.3, 133.5, 129.0, 126.6, 124.3, 124.2, 121.6, 114.9, 108.7,
56.1; ESI HRMS calculated for CisHi.NO, (M-H")" 270.0766, found 270.0768. M.P. = 166-167 °C

(recrystallized from EtOH).
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2f (E)-4-styrylphenol. 64% yield (48 mg), colourless crystalline solid, 99:1
o O h (E):(Z). "H NMR (600 MHz, Acetone-ds) 8 8.47 (s, 1H), 7.54 (d, ] = 7.3 Hz,
2H), 7.46 (d, ] = 8.4 Hz, 2H), 7.34 (t, ] = 7.8 Hz, 2H), 7.22 (t, ] = 7.4 Hz, 1H), 7.17 (d, ] = 16.4 Hz,
1H), 7.05 (d, ] = 16.4 Hz, 1H), 6.87 (d, ] = 8.6 Hz, 2H); "C NMR (151 MHz, Acetone-ds) & 158.2,
138.8, 130.0, 129.4, 129.3, 128.7, 127.8, 127.0, 126.5, 116.4; ESI HRMS calculated for C14H11O (M-

H™) 195.0810, found 195.0805.

Cl 2g (E)-4-(4-chlorostyryl)phenol. 64% yield (57 mg), white crystalline

solid, 99:1 (E):(Z). '"H NMR (600 MHz, CDCls) 8 7.40 (m, 4H), 7.31 (d,
HO J =8.5 Hz, 2H), 7.02 (d, ] = 16.2 Hz, 1H), 6.91 (d, ] = 16.3 Hz, 1H),
6.83 (d, ] = 8.5 Hz, 2H), 4.80 (s, 1H); °C NMR (151 MHz, CDCls) 8 155.5, 136.3, 132.9, 130.2, 128.9,

128.9, 128.1, 127.5, 125.5, 115.8; ESI HRMS calculated for C1sH;0OCl (M-H")™ 229.0420, found

229.0427. M.P. = 177-178 (EtOH). M.P. = 177-178 °C (recrystallized from EtOH).

Br 2h (E)-4-(4-chlorostyryl)phenol. Yield 73% (77 mg), white crystalline

solid, 99:1 (E):(Z). "H NMR (600 MHz, Acetone-ds) & 8.52 (s, 1H), 7.50
HO (m, 4H), 7.46 (d, ] = 8.6 Hz, 2H), 7.20 (d, ] = 16.3 Hz, 1H), 7.02 (d, ] =
16.4 Hz, 1H), 6.86 (d, ] = 8.6 Hz, 2H); C NMR (151 MHz, Acetone-ds) 8 158.5, 138.2, 132.5, 130.4,

129.7, 128.9, 128.8, 125.1, 120.8, 116.5; EST HRMS calculated for C1sHieO”Br (M-H")" 272.9915,

found 272.9910. M.P. = 186-187 °C (recrystallized from EtOH).

2i (E)-4-(3,5-dimethoxystyryl)phenol. 63% yield (31 mg), white

O/
O crystalline solid, 99:1 (E):(2). '"H NMR (600 MHz, CDCl;) & 7.40 (d, |
N O/
O = 8.5 Hz, 2H), 7.03 (d, ] = 16.2 Hz, 1H), 6.90 (d, ] = 16.2 Hz, 1H),
HO
6.83 (d, ] = 8.6 Hz, 2H), 6.66 (d, ] = 2.3 Hz, 2H), 6.39 (t, ] = 2.3 Hz, 1H), 3.84 (s, 6H). All data are in

agreement with literature.'
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Br 2j (E)-5-(4-bromostyryl)-2-methoxyphenol. 68% yield (35 mg), white
g

HO O crystalline solid, 99:1 (E):(Z). "H NMR (600 MHz, CDCL;) & 7.46 (d, ] =

AN
o 8.4 Hz, 2H), 7.34 (d, ] = 8.5 Hz, 2H), 7.14 (d, ] = 2.1 Hz, 1H), 7.02 —

6.96 (m, 2H), 6.88 (d, ] = 16.3 Hz, 1H), 6.83 (d, ] = 8.3 Hz, 1H), 5.62 (s, 1H), 3.91 (s, 3H); °C NMR
(151 MHz, CDCly) & 146.7, 146.0, 136.6, 131.8, 130.9, 129.1, 127.9, 126.0, 121.0, 119.6, 111.9, 110.8,
56.1; ESI HRMS calculated for CisH,O,Br (M-H') 303.0021, found 303.0031. M.P = 166-167 °C

(recrystallized from EtOH)

O 2k (F)-2-styrylphenol. 79% yield (60 mg), white powder, 99:1 (F):(Z). 'H NMR
Y

O on (600 MHz, CD,CL) & 7.57 — 7.53 (m, 3H), 7.41 — 7.34 (m, 3H), 7.26 (t, | = 7.4
Hz, 1H), 7.18 — 7.12 (m, 2H), 6.96 (t, ] = 7.5 Hz, 1H), 6.82 (d, ] = 8.0 Hz, 1H), 5.12 (s, 1H); °C NMR
(151 MHz, CD,Cly) 8 153.5, 138.0, 130.2, 129.1, 129.0, 128.0, 127.5, 126.8, 124.9, 123.3, 121.5, 116.3;

EST HRMS calculated for CisHiiO (M-H™) 195.0810, found 195.0814.

Cl 21 (E)-2-(4-chlorostyryl)phenol. 67% yield (60 mg), white powder, 99:1
ye

OH

=7.7,1.6 Hz, 1H), 7.08 (d, ] = 16.4 Hz, 1H), 6.96 (t, ] = 7.5 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 4.96

(E):(Z). 'H NMR (600 MHz, CDCly) 8 7.52 (d, ] = 7.7 Hz, 1H), 7.45 (d, | =

8.4 Hz, 2H), 7.35 (d, ] = 16.4 Hz, 1H), 7.32 (d, ] = 8.5 Hz, 2H), 7.16 («d, |

(s, 1H); "C NMR (151 MHz, CDCl3) 8§ 153.1, 136.3, 133.2, 129.0, 128.9, 128.8, 127.8, 127.4, 124.5,

123.8,121.4, 116.1; EST HRMS calculated for C1sH10O”Cl (M-H") 229.0420, found 229.0409.
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General experimental procedure for the synthesis of (E)-alkenyl phenols 3 and dienes 4:

Benzyl phosphonium salt 1 (1.3 eq.) was dissolved in dry THF (1.2 mL/mmol) in an oven-
dried two-necked round bottom flask along with a magnetic stir bar. The flask was connected to a
nitrogen line, purged and sealed under nitrogen. After cooling to 0 °C, z-butyl lithium (1.6 M in
hexanes, 2.6 eq.) was added dropwise and the reaction stirred for 40 minutes. Then, the mixture was
either cooled to -78 °C ptior to the dropwise addition of aldehyde in dry THF (0.8 mL/mmol) or the
aldehyde solution was added at 0 °C. The reaction stirred for 30 minutes before gradual warming to
room temperature. The reactions stirred until complete consumption of the aldehyde by TLC
(typically overnight), and then quenched by the dropwise addition of 0.1 N HCI. The crude reaction
mixture was then extracted with ethyl acetate (3 x 5 mL), and the combined organic extracts were
dried over magnesium sulphate, filtered, and concentrated under reduced pressure. The crude product
was purified by silica gel column chromatography (10 % ethyl acetate in hexane) to yield the (E)-

alkene. All reactions proceeded at -78 °C unless otherwise stated.

e, X 3a (E)-4-(but-1-en-1-yl)-2-methoxyphenol. 58% yield (40 mg), 95:5
HOD/\/\ (E):(Z), viscous dark-yellow oil. '"H NMR (600 MHz, CDCls) & 6.89 — 6.84
(m, 3H), 6.30 (d, ] = 15.8 Hz, 1H), 6.11 (dt, ] = 15.8, 6.5 Hz, 1H), 5.55 (s, 1H), 3.90 (s, 3H), 2.28 —
2.10 (m, 2H), 1.09 (t, ] = 7.5 Hz, 3H); "C NMR (151 MHz, CDCl;) 8 146.7, 144.9, 130.7, 130.6, 128.7,

119.6, 114.5, 108.0, 56.0, 26.1, 13.9; ESI HRMS calculated for Cy1H3:0, (M-H")" 177.0916, found

177.0909.

_0 N 3b (E)-4-(hex-1-en-1-yl)-2-methoxyphenol. 57% yield (45 mg), 95:5
HOD/\/\/\ (E):(Z), viscous yellow oil. '"H NMR (600 MHz, CDCls) 8 6.89 — 6.84
(m, 3H), 6.31 (d, ] = 15.8 Hz, 1H), 6.07 (dt, /] = 15.8, 6.9 Hz, 1H), 5.59 (s, 1H), 3.90 (s, 3H), 2.20 (qd,

J=17.1,1.5 Hz, 2H), 1.48 — 1.42 (m, 2H), 1.38 (m, 2F), 0.93 (t, ] = 7.3 Hz, 3H); *C NMR (151 MHz,
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CDCL) 8 146.7, 144.9, 130.8, 129.6, 129.1, 119.5, 114.5, 108.0, 56.0, 32.8, 31.8, 22.4, 14.1; ESI HRMS

calculated for C3H7O, (M-H") 205.1229, found 205.1227.

/©/\/\ 3¢ (E)-4-(but-1-en-1-yl)phenol. 61% yield (92 mg), 95:5 (E):(Z), white
HO powder. 'H NMR (600 MHz, CDCl3) 8 7.23 (d, ] = 8.6 Hz, 2H), 6.76 (d, | =
8.6 Hz, 2H), 6.31 (d, ] = 15.8 Hz, 1H), 6.12 (dt, ] = 15.8, 6.5 Hz, 1H), 4.64 (s, 1H), 2.23 — 2.17 (m,

2H), 1.08 (t, ] = 7.5 Hz, 3H); "C NMR (151 MHz, CDCl;) § 154.6, 131.2, 130.8, 128.2, 127.3, 115.5,

26.2,13.9; ESI HRMS calculated for CioH11O (M-H") 147.0810, found 147.0818.

/©/\/\/\ 3d (E)-4-(hex-1-en-1-yl)phenol. 51% yield (35 mg), 98:2 (E):(%),
HO white/light yellow solid. "H NMR (600 MHz, CDCL3) 8 7.23 (d, ] = 8.5
Hz, 2H), 6.76 (d, ] = 8.6 Hz, 2H), 6.31 (d, ] = 15.8 Hz, 1H), 6.08 (dt, ] = 15.7, 6.9 Hz, 1H), 4.82 (s,
1H), 2.18 (qd, ] = 7.1, 1.5 Hz, 2H), 1.48 — 1.41 (m, 2H), 1.41 — 1.33 (m, 2H), 0.92 (¢, ] = 7.3 Hz, 3H);

BC NMR (151 MHz, CDCls) 8 154.6, 131.2, 129.3, 129.1, 127.3, 115.5, 32.8, 31.8, 22.4, 14.1; ESI

HRMS calculated for CioH;sO (M-H") 175.1123, found 175.1114.

(;(\/\/\ 3e (E)-2-(hex-1-en-1-y)phenol. 22% yield (15 mg), 95:5 (E):(Z). 'H NMR

OH (600 MHz, CDCLs) 8 7.32 (dd, ] = 7.7, 1.4 Hz, 1H), 7.09 (td, ] = 7.8, 1.6 Hz,
1H), 6.89 (td, ] = 7.6, 0.7 Hz, 1H), 6.79 (dd, ] = 8.0, 1.0 Hz, 1H), 6.57 (d, ] = 15.9 Hz, 1H), 6.20 (dt,
J=15.9, 6.9 Hz, 1H), 5.10 (s, 1H), 2.27 — 2.23 (m, 2H), 1.50 — 1.45 (m, 2H), 1.39 - 1.36 (m, 2H), 0.94

(t, ] = 7.3 Hz, 3H). "C NMR (151 MHz, CDCly) & 152.6, 133.9, 128.1, 127.5, 125.2, 124.1, 121.0,

115.8, 33.3, 31.7, 22.4, 14.1. ESI HRMS calculated for C1oH;sO (M-H") 175.1123, found 175.1116.

_0 NG N 4a 4-((1E,3E)-hepta-1,3-dien-1-yl)-2-methoxyphenol. 58% yield (48
H OD/\/\/\/ mg), 98:2 (E):(Z), orange solid. 'H NMR (600 MHz, Acetone-ds) &
7.61 (s, 1H), 7.07 (d, ] = 1.8 Hz, 1H), 6.87 (dd, ] = 8.1, 2.0 Hz, 1H), 6.77 (d, ] = 8.1 Hz, 1H), 6.70 (dd,

110



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

] =15.6,10.4 Hz, 1H), 6.40 (d, ] = 15.6 Hz, 1H), 6.19 (dd, ] = 15.1, 10.4 Hz, 1H), 5.76 (dt, | = 14.7,
7.1 Hz, 1H), 3.86 (s, 3H), 2.10 (q, ] = 7.4 Hz, 2H), 1.43 (h, ] = 7.4 Hz, 2H), 0.91 (t, ] = 7.4 Hz, 3H);
3C NMR (151 MHz, Acetone-ds) 8 148.5, 147.2, 134.4, 132.1, 131.2, 130.7, 127.7, 120.7, 115.9, 109.7,

56.2, 35.6, 23.3, 13.9; EST HRMS calculated for CisH7O, (M-H") 217.1229, found 217.1225.

O 4b 2-methoxy-4-((1E,3E)-4-phenylbuta-1,3-dien-1-yl)phenol. 68%
O O NN vield (66 mg), 99:1 (E):(Z), pale yellow powder. 'H NMR (600 MHz,
HO CDCL) 8 7.43 (d, ] = 7.4 Hz, 2H), 7.33 (t, ] = 7.7 Hz, 2H), 7.22 (¢, ]
= 7.3 Hz, 1H), 6.98 — 6.91 (m, 3H), 6.89 (d, ] = 8.1 Hz, 1H), 6.82 (dd, ] = 15.2, 10.7 Hz, 1H), 6.66 —
6.58 (m, 2H), 5.65 (s, 1H), 3.94 (s, 3H); "C NMR (151 MHz, CDCly) 8 146.8, 145.7, 137.7, 133.0,
131.9, 130.2, 129.5, 128.8, 127.5, 127.3, 126.4, 120.6, 114.7, 108.2, 56.0; ESI HRMS calculated for

CivHi:0, M-H") 251.1072, found 251.1071. Reaction proceeded at 0 °C.

PN 4c 4-((1E,3E)-hepta-1,3-dien-1-yl)phenol. 46% yield (33 mg), 95:5
HO/©/\/W (E):(7), pale-yellow solid. 'H NMR (600 MHz, Acetone-ds) & 8.38 (s,
1H), 7.28 (d, ] = 8.6 Hz, 2H), 6.79 (d, ] = 8.7 Hz, 2H), 6.66 (dd, ] = 15.7, 10.4 Hz, 1H), 6.40 (d, ] =
15.7 Hz, 1H), 6.19 (dd, J = 15.1, 10.4 Hz, 1H), 5.75 (dt, ] = 14.7, 7.1 Hz, 1H), 2.12 — 2.07 (m, 2H),
143 (b, J = 7.4 Hz, 2H), 0.91 (t, ] = 7.4 Hz, 3H); ®C NMR (151 MHz, Acetone-d;) & 157.8, 134.3,

132.1, 130.9, 130.3, 128.3, 127.5, 116.3, 35.6, 23.3, 14.0; ESI HRMS calculated for C;sH;sO (M-H*Y

187.1123, found 187.1114.
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4 Development of an Organocatalytic [2+2] Cycloaddition

4.1 Cyclobutanes are valuable synthetic targets

The first synthesis of a cyclobutane was reported by Perkin in 1887, who prepared several
“tetramethylene carboxylates” using an alkylative methodology wherein diethyl malonate was treated
with 1,3-dibromopropane under basic conditions.' Other early discoveries on cyclobutanes were a by-
product of natural product research, particularly on cocaine and related alkaloids.>”> One of the first
reported natural products containing a cyclobutane core was truxilline, a dimer of
cinnamylmethecgonine (Figure 4.1). Truxilline hydrolyses to give the cyclobutane a-truxillic acid, itself
a natural product formed by the photochemical dimerization of cinnamic acid. As such, one of the
first deliberate total syntheses of a cyclobutane natural product occurred when Riiber discovered that
cinnamylidene malonic acid dimerizes in light and the resulting cyclobutane undergoes oxidative
cleavage to give truxillic acid.*” This discovery led to the exploration of a more direct synthesis, which

was accomplished by exposing a flat sheet of cinnamic acid to direct sunlight for 50 h.°

e e 5“?*@ "

cocalne ecgonine truxilline a-truxillic acid

FIGURE 4.1 Research on the Coca alkaloids led to the discovery of the first natural cyclobutanes.
Early research into cocaine and related natural products found truxilline, one of the first identified
natural products with a cyclobutane core.
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Since the discovery of truxilline, the number of cyclobutane containing natural products has
grown significantly.”'’ Many of these natural products are reported to have anti-cancer, anti-viral and
other medically relevant biological activity. As well, cyclobutanes are increasingly recognized as a
useful motif in drugs. The intrinsic strain in the cyclobutane allows for the creation of stereochemically
complex, albeit structurally rigid molecules, which can be beneficial when designing new drugs; four-
membered rings can also impart unique pharmacokinetic and physicochemical properties.' ™ In
general, cyclobutanes offer the opportunity to probe novel chemical spaces, which is a major emphasis
of modern drug discovery and design.

Besides their ubiquity in biologically active compounds and natural products, cyclobutanes are
valuable synthetic intermediates. The high degree of ring strain (23-26 kcal mol™) is comparable to the
ring strain of cyclopropanes and allows for selective cleavage of cyclobutane C-C bonds. This inherent
reactivity has been used in many ring opening reactions and ring expansion reactions to generate five-
to nine-membered rings, and these strategies have been used in a number of natural product total

syntheses.'*'0

4.2 Brief review of [2+2] cycloadditions for cyclobutane synthesis

Perkin used an alkylative methodology to prepare the first synthetic cyclobutanes in 1887, but
photochemical [24+2] cyclodimerization reactions emerged as the most prominent method for
preparing cyclobutanes over the next 70 years (Figure 4.2, A). The direct thermal cycloaddition of two
unactivated alkenes is symmetry forbidden, but irradiation with UV light leads to an excited state
which undergoes a symmetry allowed concerted [2+2] cycloaddition. Some of the earliest examples of
photochemical cyclobutane syntheses include the photodimerization of cinnamic acid and the
intramolecular cycloaddition of carvone to carvone-camphor in strong “Italian sunlight” (Figure 4.2,

Band C).*'""" For the next several decades, research focused on similar photodimerizations and
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FIGURE 4.2 Classic alkylative and photochemical cyclobutane syntheses. Although the first
cyclobutane was prepared using an alkylative strategy (A), most early syntheses were photochemical
(B and C). Non-symmetrical photocycloadditions (D and E) were not developed until the 1960s.
photocycloadditions. Mixed intermolecular [2+2] cycloadditions weren’t developed until the 1960s
when it was realized that combining two different alkenes together could allow for relatively selective
intermolecular reactions, provided one alkene was used in a large excess (e.g. as the solvent) and one
is easier to excite with lower Ama. Relevant examples include the [2+2] photocycloadditions of
dimethylmaleic anhydride in furan'” and cyclopentenone in cyclopentene (Figure 4.2, D and E).”
Despite their ubiquity in classical cyclobutane syntheses, photochemical [2+2] reactions suffer
from several limitations. For example, the required excited states can be difficult to generate using
common sources of radiation, particularly if the alkene is not conjugated, and can be prohibitively
short-lived. Photochemical cycloadditions can also have poor regio- and chemoselectivity due to the
high reactivity of the active intermediates. Another issue with classic photochemical approaches to
cyclobutanes is a general lack of stereocontrol and tunability. For example, the dimerization of #rans-
cinnamic acid only generates racemic a-truxillic and B-truxinic acid, and the ratio of these products
varies if the reaction is performed in the solid or liquid phase and changes depending on the crystal

structure of the starting material.”!
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There have been many advances in photochemical [2+2] cycloadditions which help improve
reactivity, selectivity and yield.” The use of transition metal catalysts, particularly Cu(l) salts, allows
for excitation of the alkene at longer wavelengths via metal-to-ligand and/or ligand-to-metal charge
transfer.”* Other advances include the development of novel organic and inorganic sensitizers that
has led to visible light catalysis, and the development of photoinduced electron transfer (PET) or
photoredox catalysis.”>** Photoredox catalysis is a powerful strategy for cyclobutane synthesis and
offers a mechanistic departure from traditional photochemical reactions. It uses catalysts that are
redox active and exhibit long-lived excited states after absorbing a photon, thereby allowing electron
abstraction or electron donation to an alkene. The resultant radical cations or radical anions then
undergo a [2+2] addition with other alkenes. These reactions typically display excellent
diastereoselectivity and use catalysts such as polypyridyl ruthenium and iridium species, pyrylium salts
and specific organic dyes.”

Despite these improvements, a recent review focusing on the last 20 years of photochemical
[2+2] reactions demonstrates that most methods are either racemic or rely on chiral auxiliaries, chiral
reaction matrices or substrate control to obtain cyclobutanes in high ¢.e.”>*”" Methods using chiral
catalysts in photochemical cycloadditions are much less common, partially due to the fact that the
interaction between catalysts and compounds in photoexcited states is minimal, and the high-energy
intermediates can readily participate in non-catalyzed background reactions. Nevertheless, exceptions
exist. For example, [2+2] reactions involving enones are amenable to Lewis acid catalysis, where
coordination by the catalyst causes a bathochromic shift of the n—n* absorption band, and the
absorption coefficient near the new absorption maxima can be hundreds of times that of the
uncomplexed substrate at the same wavelength. Thus, carefully selecting the radiation wavelength to
correspond to the complexed n—n* absorption band, combined with the use of a chiral Lewis acid

catalyst, allows for asymmetric [2+2] photocycloadditions. This methodology has been used in

120



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

0
hv (A = 366 nm)
| Cat. A (50 mol%) O
-70 °C (DCM) ®
A N 84% /N‘B/O
b Br,Al
OW © ©/CF3
Cat. A
hv (A = 366 nm) N
Cat. B (260 mol%) g m
-60 °C (PhMe) 0
83% - N—H
0
Cat. B
o N 2
hv (A = 366 nm) %
Cat.C (10mol%)  HN PR X
-25 °C (PhCF3) N-H y_0s
90% © 0
96% ee Cat.C

FIGURE 4.3 Representative catalytic asymmetric methods for photochemical [242] reactions. The
previous two decades have seen the development of chiral Lewis acid (A), hydrogen bonding (B), and
photosensitizer-based strategies for asymmetric [2+2] photocycloadditions.
predominantly intramolecular [24+2] cycloadditions on coumarins, substituted enones and
dihydropyridones using a chiral oxazaborolidine-AlBr; catalyst, but very recent work led to
optimization of the catalyst for an intermolecular reaction using cyclohexenone. **”* Unfortunately, all
these methods require high catalyst loading (50%) to obtain good e.¢ (Figure 4.3, A).

Other examples of asymmetric photocyclizations use chiral hydrogen bonding catalysts based
on a 3-azabicyclo[3.3.1]nonan-2-one skeleton that facilitate enantioselective intra- and intermolecular
[2+2] photocycloadditions in quinolones, isoquinolones, 5,6-dihydropyridones and pyridones and

work by selectively blocking one face of the substrate (Figure 4.3, B).””* However, these methods use

exceptionally high catalyst loading (ca. 250 mol%) to obtain good e.e., although a conceptually similar
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methodology has been reported for intramolecular [2+2] photocycloadditions on coumarins using
chiral thiourea catalysts with more reasonable loadings (1-10%0).**"

Another strategy for chiral photochemical reactions involves the use of chiral photosensitizers.
While asymmetric induction with chiral photosensitizers has been known since the 1960s, early work
resulted in little success for obtaining synthetically useful levels of enantioenrichment.”**** In 2003,
intramolecular [2+2] reactions on pyridones using a chiral photosensitizer were reported, but only
20% e.e. was obtained despite a 50 mol% catalyst loading.” More recently, chiral xanthone and
thioxanthone photosensitizers based on a 3-azabicyclo[3.3.1]nonan-2-one skeleton were reported to
catalyze intramolecular [242] cyclizations of quinolones and pyridones and work at lower catalyst
loadings (5-10%) but require fluorinated solvents (e.g. PhCF; and hexafluoro-eza-xylene) (Figure 4.3,
C).

In general, the substrates employed in asymmetric photochemical [2+2] cycloadditions
reactions are limited, universally requiring cyclic «,B-unsaturated carbonyls, and frequently only
working well for intramolecular cyclizations (Figure 4.3). Thus, broadening substrate scope and
improving catalyst loadings are worthwhile areas of future research in catalytic asymmetric
photochemical [2+2] reactions.

While photochemical [2+2] cycloadditions are the most well-known route to cyclobutanes,
non-photochemical routes have also been extensively explored.® Unlike photochemical [2+2]
cycloadditions, concerted thermal [2+2] reactions are symmetry forbidden. However, they can
proceed in a stepwise manner through charged intermediates and typically occur between an electron
rich, nucleophilic double bond and an electron poor, electrophilic double bond. Diradical processes
are also possible for thermal [2+2] cycloadditions, particularly those involving allenes.”” Since the

orbital symmetry limitations of photochemical [2+2] cycloadditions are avoided in the stepwise

mechanism, thermal cycloadditions can offer more stereochemical control and tunability.
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FIGURE 4.4 Representative thermal and non-photochemical Lewis acid catalyzed [2+2] reactions.
Many early cyclobutane syntheses exploited the unique electronic character of allenes (A) and ketenes
(B). More recently, Lewis acid catalysis has been identified as a fruitful avenue for the development of
asymmetric [2+2] cycloadditions, although initial works relied on induction of asymmetry through
chiral auxiliaries.

Early thermal cyclobutane syntheses frequently exploited the unique electronic nature of
cumulenes like and allenes and ketenes. Some historically relevant thermal [2+2] cycloadditions

3860 the reaction of allenes with

include the dimerization of allene to give 1,2-dimethylene cyclobutanes,
maleic anhydride and other alkenes conjugated to an electron withdrawing group,”® the
autodimerization of ketenes to give cyclobutane-1,3-diones,” and the reaction of ketenes with dienes
to give cyclobutanones (Figure 4.4, A and B).**" [2+2] reactions with allenes and ketenes remain one
of the most popular ways to create four membered rings in total synthesis.””**"

Like photochemical [2+2] reactions, most thermal [2+2] cycloadditions were racemic or
depended on substrate control to induce chirality. In a 1984 review, asymmetric thermal syntheses of
cyclobutanes consisted predominantly of the reactions of chiral allenes with various alkenes and
ketenes.”! However, developments in chiral auxiliary chemistry, combined with Lewis acid catalysis,
led to new methods for chiral cyclobutane synthesis. Thermal [2+2] cycloadditions are highly

amenable to Lewis or Bronsted acid catalysts which work by further polarizing double bonds and

stabilising the charged reaction intermediates.” Early examples included the reaction of chiral
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oxazolidone-fused lactam with ketene dithioacetal using dimethylaluminum chloride as a catalyst,
which gives chiral cyclobutanopyrrolidinones after a two-step cleavage of the oxazolidinone auxiliary,
and the reaction of dimenthylfumarate with 1,1-dimethoxy ethene using diethylaluminum chloride to
give a cyclobutanone that was used in the synthesis of antiviral and DNA polymerase inhibiting
lubocavir (Figure 4.4, C and D).”

The use of chiral Lewis acids, as opposed to chiral auxiliaries, has also emerged as a strategy
for the catalysis of asymmetric thermal [2+2] reactions. The first enantioselective cycloaddition using
a chiral catalyst was reported in 1989 by Narasaka and Hayashi and featured the reaction of ketene
dithioacetals with various oxazolidine enamides using titanium-TADDOLate as a catalyst, with
subsequent studies exploring the use of thioalkenes, thioalkynes, and enamines as 21 donors (Figure

4.5, A).”*" Other examples include the titanium-TADDOLate catalyzed reaction of p-benzoquinones
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FIGURE 4.5 Representative asymmetric [2+2] cycloadditions using chiral Lewis acid catalysts. The
use of chiral Lewis acid catalysts in thermal [2+2] cycloadditions is recognized as one of the best ways
to construct chiral cyclobutanes, offering access to more diverse structures than are available through
related photochemical reactions. The catalysts used in such reactions are also more diverse and include
chiral titanium (A), aluminum (B) and gold (C) species.
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and electron-rich styrenyl systems,”"”

and the [2+2] cycloaddition of cyclic silylenol ethers and
benzyloxyacroleins catalyzed by an oxazaborolidine-aluminium bromide complex (Figure 4.5, B).*
The use of n-philic chiral cationic gold catalysts for the [2+2] reaction of allenes with various electron
rich alkenes has also become a useful method for cyclobutane synthesis in the last decade, first
demonstrated by Toste ez a/. in 2007 for the intramolecular cyclization of allenenes (Figure 4.5, C).*"™

The number of chiral catalytic approaches to thermal [2+2] cycloadditions continues to grow,
and in general offer significant synthetic advantages over related photochemical reactions. However,
when compared to the number of strategies for the synthesis of larger carbocycles, it is obvious that
there is still significant need for new cyclobutane syntheses. Fortunately, developments in newer fields

of asymmetric synthesis, for example organocatalysis, have begun to offer novel methods for accessing

chiral cyclobutanes.

4.3 Organocatalytic [2+2] cycloadditions

Since MacMillan’s seminal work describing the first organocatalytic Diels-Alder reaction in
2001, the number of reported organocatalytic cycloadditions has blossomed. However, in the decade
following, during the “Golden Age” of organocatalysis, there was only one report of an organocatalytic
[2+2] cycloaddition, wherein a chiral triamine (Cat. G) was used to catalyze the reaction between

acyloxyacroleins and relatively unactivated alkenes (Figure 4.6).** Despite the slow start in discovering

CeFs i-Bu

C+F 0 Cat. G (10%) O/LO NH N
oY HNTf, (10%) ICHO /—( O
PH  NH,

_ =

O._CHO
\W EtNO,, -20 °C 1

90% ee Cat. G
FIGURE 4.6 First organocatalytic [2+2] cycloaddition. The use of a peptide inspired primary amine

catalyst based on Phe-Ile-Pro enabled the asymmetric [242] reaction between acyloxyacroleins and
alkenes, giving cyclobutanes in up to 90% ee.
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FIGURE 4.7 Cyclobutanes form readily under organocatalytic conditions. The organocatalytic
Michael addition of aldehydes to nitrostyrenes proceed via a semi-stable cyclobutane intermediate.
organocatalytic cyclobutane syntheses, it has been known since the early 1960s that enamines undergo
[2+2] cycloadditions with a,3-unsaturated carbonyls, such as methyl propiolate.” As well, it was
previously determined that enamines participate in chiral Lewis acid catalyzed [2+2] cycloadditions
(vide supra).

In 2011, several mechanistic studies demonstrated that the organocatalytic Michael addition
of aldehydes to nitroalkenes using the Jorgensen-Hiyashi diarylsilaprolinol catalyst (Cat. H) proceeds
through a semi-stable cyclobutane intermediate, and that the cyclobutane adduct corresponds to the

8% Inspired by these results, Vicario e a/. designed a

resting state of the catalyst i sitn (Figure 4.7).
methodology wherein enolizable «,3-unsaturated aldehydes underwent a [2+2] cycloaddition to
nitroolefins (Figure 4.8, A).* Their method employed dual catalysis: Cat. H was used to form a
dienamine from the enal, and a hydrogen bonding thiourea catalyst (Cat. I) was added to coordinate
the nitro group and further activate the olefin to attack. Simultaneously, the Jorgensen group
developed a similar methodology, but used a bifunctional catalyst (Cat. J) containing a secondary amine
for activation of the enal and a pendant squaramide for hydrogen bonding to the nitroolefin (Figure
4.8, B).” Later, Qi ¢t a/ developed a similar methodology for the addition of enolizable enals to
methyleneindolinones using a Jorgensen-type catalyst (Cat. K) to give cyclobuta-spirooxindoles

(Figure 4.8, C).”! Notably, in the above dienamine-based methodologies, addition consistently

occurred at the 3,4-position despite the possibility for 1,2-activation and terminal [4+2] reactions.
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FIGURE 4.8 Organocatalytic [2+2] cycloadditions via dienamine formation. Organocatalytic [2+2]
reactions have been developed for the addition of dieneamines to a variety of electron poor alkenes,
including nitroolefins (A and B) and methyleneindolinones (C).

Most of the asymmetric organocatalytic [2+2] methodologies developed to date proceed via
dienamine formation and addition to an electron poor alkene. An exception to this was demonstrated
by Xu ez al. who developed a [2+2] cycloaddition between non-enolizable o,3-unsaturated aldehydes
and vinyl-pyrroles that proceeded via iminium activation of the enals with Cat. H (Figure 4.9).”* This

result is unique, as several studies demonstrate that using structurally related 2- and 3-vinylindoles in

organocatalytic reactions give exclusively [4+2] adducts.””’

0 7
W 1) Cat. H (20%) \_JN
r " N EtOH, RT JD
Ph Q) HO “Ph

2) NaBH,

93% ee

FIGURE 4.9 Organocatalytic [2+2] cycloaddition via iminium formation. Organocatalytic [2+2]
cycloadditions can also proceed via iminium formation and attack by an electron rich olefin.
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Despite interest in developing asymmetric [2+2] cycloadditions via Lewis acid catalyzed,
photochemical, organocatalytic and other methods, the number of methods reported to date pales in
comparison to the number of asymmetric [3+2], [4+2] and related cycloadditions. As such, there is
still a need for the development of novel strategies for the preparation of chiral cyclobutanes. In order
to expand the scope of cyclobutane synthesis and further the McNulty group’s interest in
organocatalysis, a novel method for the preparation of homochiral cyclobutanes from
phenylpropanoid derivatives was developed. This work was published in Chez. Eur. J., 2016, 22,9111-
9115 and is reproduced below with permission; figures were formatted to be in sequence with the rest
of the chapter. A. J. Nielsen developed the method and performed all syntheses. H. A. Jenkins
performed the X-ray crystallography to determine absolute configuration, and the manuscript was

written by A. J. Nielsen and J. McNulty.

4.4 Asymmetric Organocatalytic Stepwise [2+2] Entry to Tetrasubstituted
Heterodimeric and Homochiral Cyclobutanes

The synthesis of cyclobutane derivatives has risen in prominence over the last few years in view of an
increased recognition of their importance within bioactive natural products, with well over 200
derivatives now known.!" In addition, cyclobutanes are often used as synthetically useful, strained
intermediates. Classical alkylation and photochemical routes to achiral cyclobutanes including solid-
state photochemistry” have been supplemented” with novel methods involving step-wise, thermal
[2+2]-cycloaddition reactions mediated by transition metals,' organocatalysis,” and one-electron
oxidants.I’! In addition to expanding the scope of alkene participants, these methods often allow for
regio-controlled cycloaddition leading to non-symmetrical dimers and/or asymmetric entries to chiral

cyclobutane derivatives.
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Although many dimeric and pseudo-dimeric (non-symmetrical) naturally occurring
cyclobutanes appear to be derived from the dimerization of cinnamyl, coumaryl, or extended diene
amides, the precise enzyme responsible (“[2+2]-ase”)," and hence mechanism of the biological
dimerization is unknown. Nonetheless, for non-meso examples, such cyclobutanes may be homo-
chiral, indicating the involvement of an enzymatic biosynthesis rather than a strictly abiotic
photochemical or oxidative dimerization process. In addition, these cinnamic acid derivatives are
known to dimerize through either ahead-to-head or ahead-to-tail alignment leading to regioisomeric
cyclobutanes. Examples of head-to-head coupled cyclobutanes include piperarborenine D (Figure

4.10)™ and the iridoid argenteoside A,™ whereas head-to-tail derivatives are exemplified by

[7d] [7e]

dipiperamide A, nigramide P,” dipiperamide E,""¥ and argenteoside B, among many others.” The
argenteosides have recently been identified as potent inhibitors of heat shock protein 90 (Hsp90), a
high-value therapeutic target, whereas dipiperamides A and B have potent activity against cytochrome

P450 (CYP) 3A4.

Head-to- head and head-to-tail heterodimeric lignan cyclobutanes
d b | SO OX 1
MeOQ Q/ Me |
MeO OMe OMe i
piperarborenine D ; dlplperamlde A nigramide P
0] O
RO/SIR\OR R= %:' >
Q Q HOHZC H3 :81 _>/~ )
0]
argenteoside A HO OH argenteoside B OH dipiperamide E

FIGURE 4.10 Structures of selected biologically active natural product cyclobutane-containing
lignan-dimers including head-to-head (left) and head-to-tail (right) coupled derivatives.

129



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

HO HO, HO, HO
OH (l)H (l)H ) oH
N _ N —
— ( — \, — 1
H Ph H—7" “pn Hﬁ Ph ’ j(:H

0 N N Ph

J U

SCHEME 4.1 Retrosynthetic analysis of a heterodimeric cyclobutane derivative potentially available
from dimerization of a cinnamaldehyde derivative 2 and cinnamyl alcohol 1 precursors.

Despite the number of approaches developed to access chiral cyclobutanes,” no process has
been reported that permits direct asymmetric heterodimerization of two different cinnamyl-derived
sub-units. The closest examples reported to date involve remote dienamine-mediated couplings of 3-
vinyloxindoles,”™ nitroolefins,” and vinylpyrroles.”? The development of a direct asymmetric
heterodimerization process would be of great utility given the valuable biological activities reported
for these and other related non-symmetrical dimers, such as sceptrin,™ and lignans that could be
accessed through cyclobutane fragmentation.” In this communication, we report the first examples
of organocatalytic heterodimerization of two different cinnamyl-derived olefins in a regioselective and
highly enantioselective fashion to yield tetra-substituted cyclobutanes.

A retrosynthetic analysis detailing the potential iminium-ion mediated cascade to access
cyclobutanes is shown in Scheme 4.1. It was postulated that heterodimerization might be achieved
through reaction of a cinnamaldehyde derivative with a cinnamyl alcohol as indicated. Activation of
the olefin of cinnamyl alcohol 1 with a 4-hydroxyl group, for example, would direct the stepwise
cycloaddition onto the iminium ion derived from 2 in a regioselective fashion. It should be noted that,
although organocatalytic Friedel-Crafts reactions of phenols,” vinylogous electron-rich anilines,"”

and pyrroles®! onto Michael acceptors are known, in no case have two phenylpropanoid sub-units

been converted to cyclobutanes through such a method.
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TABLE 4.1 Catalyst and solvent screening for the organocatalytic [2+2] cycloaddition®

/ /
? OH ? OH
0 O<R
X H N o A @ 2)NaBH;, @
HO " sowent , ’ MeOH, 0 °C /\:K
O Ph PR PR
1a 2a 4a 5a
3a:R=H 3c:R= 1;<hph 3d:R = 12P<hph 3e:R= A Ar=35.(CFa),CHy
3b: R = COOH OH OTMS OTMS
Entry Catalyst (x mol%)  Solvent Time Yield” ec® (%)
1 3a (20) THF 48 h 14 -
2 3a (20) DMSO 48 h 26 -
3 3a (20) DCM 48 h 30 -
4 3a (20) Toluene 48 h 31 -
5 3a (20) iPrOH 48 h 46 -
6 3a (20) EtOH 48 h 53 -
7 3a (20) MeOH 48 h 80 -
8 3b (20) MeOH 48 h n.r -
9 3c (10) MeOH 4d Trace n.d
10 3e (10) MeOH 4d Trace n.d
11 3d (10) MeOH 5d 77 82
12¢ 3d (10) MeOH 5d 78 97

* Unless otherwise noted, reactions were performed on with 1a (0.66 mmol), 2a (1.00 mmol)
with catalyst in 1.33 mL of solvent. Reactions using catalysts 3b-e were performed on half scale.
> Isolated % yield of the cyclobutane aldehyde. ¢ Enantiomeric excess (¢¢) was determined on the
reduced cyclobutanol employing chiral HPLC analysis. ¢ Reaction performed at 8 °C without
stirring. n.r. = no reaction. n.d. = not determined.

We began this investigation with attempts to engage isoeugenol la in reaction with
cinnamaldehyde 2a in the presence of the achiral secondary amine pyrrolidine 3a at room temperature
in THF (Table 4.1, entry 1). We identified that a [2+2]-cycloadduct was being formed slowly, and
isolated rac-4a in 14% yield. A solvent screen (Table 4.1, entries 1-7) demonstrated a strong preference
for polar protic solvents, with methanol being identified as the ideal solvent in a process that provided
the cyclobutane rac~-4a as a single diastereomer in 80% isolated yield. We next explored asymmetric

induction using l-proline 3b and several versions of the common diarylsilylprolinol (Jergensen-type)
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catalysts (3c—e). Interestingly, no product was detected using l-proline (Table 4.1, entry 8) and only
trace amounts of the cyclobutane were detected using the free diphenylprolinol 3¢ or the second
generation Jorgensen catalyst 3e, even on extended reaction times (Table 1, entries 9 and 10).
Nonetheless, to our delight, the (25)-diarylsilylprolinol catalyst 3d proved to be highly
efficient, giving the desired product in 77% isolated yield and with 82% ee (Table 4.1, entry 11). The
enantioselectivity of the reaction was also significantly improved by cooling to 8 °C (refrigerator) for
the duration of the reaction. This process yielded essentially a single enantiomer without any decrease
in the isolated yield (Table 4.1, entry 12). The ¢e of the cyclobutane 4a was determined using chiral
HPLC analysis of the alcohol 5a in direct comparison to rac-5a prepared using pyrrolidine as catalyst.
The structute of the isolated cyclobutane 4a was initially deduced through 1- and 2-D 'H NMR
analysis, through which the stereochemistry appeared to be all-trans. We hoped to confirm this result
as well as to ascertain the absolute stereochemistry of the reaction mediated by secondary amine 3d
through X-ray analysis of a suitable derivative. The reaction of isoeugenol 1a was repeated using 4-
bromocinnamaldehyde, and the resulting cycloadduct 4c converted to its crystalline semicarbazone 6
(Figure 4.11). Single-crystal X-ray diffraction analysis confirmed the structure, the crystals proved to

be homochiral, and the absolute stereochemistry 6 was defined as shown (Figure 4.11).

HZN\(O /

) Br NH /;
0 3 L., Oy =
Ho N NH e H =/
- @
1) NaOAc, MeOH o f
SIS
OH OH

4c @) 6
N O\

FIGURE 4.11 Structure and absolute stereochemistry of the cyclobutane adduct from the [2+2]
cycloaddition of 4-bromocinnamaldehyde and isoeugenol as determined via the semicarbazone
(CCDC 14560706; see ref. [14]).

132



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

While optimizing the conditions for the asymmetric catalysis, we discovered that the [2+2]
cycloaddition is in fact thermally reversible and subject to an interesting dynamic kinetic resolution.
When purified racemic 4a was stirred with catalyst 3d in methanol at room temperature for several
days, partial reformation of starting materials was noted. Re-isolation and analysis of 4a showed
enantioenrichment of the product in favor of the opposite enantiomer ent-4a (23% ee), produced using
catalyst 3d. This result is readily explained by the process of microscopic reversibility, with catalyst 3d
favoring the lower energy retro-cycloaddition pathway available. The cycloaddition is therefore
forward-driven under kinetic conditions by enthalpic considerations (formation of two sigma bonds)
but reversible thermodynamically at higher temperatures. The cyclobutane aldehyde 4a can readily be
isolated and handled under normal conditions but should be prevented from re-establishing an
iminium ion mediated cycloreversion.

The scope of the reaction was next investigated using isoeugenol 1a in reaction with a variety
of aromatic o,3-unsaturated aldehydes 2 (Table 4.2, A). The desired alkenals were readily prepared
using our recently described two-carbon homologation reagent.!"! To avoid cycloreversion, the
aldehydes were immediately reduced after the cycloaddition reaction was complete. The cyclobutane
adducts were obtained in good yields (66—80%) and very high ¢e values (91-98%) with either electron
donating or electron withdrawing substituents on the alkenal 2, which was also successful with orho,
meta, Ot para substituents.

We next explored the reaction of cinnamaldehyde 2a with several different electron rich
alkenes to probe the donor requirements of the reaction (Table 4.2, B). Whereas isoeugenol 1a was
used successfully in many examples, its corresponding methyl ether methylisoeugenol 1b did not
produce a cycloadduct, demonstrating that a free phenol is required for the donor to enter into the
organocatalytic [2+2] cascade. Most importantly, in view of access to the natural cinnamyl-derived

cyclobutanes, the reaction of cinnamaldehyde proved highly successful with coniferyl alcohol 1c,
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TABLE 4.2 Scope and selectivity of the organocatalytic [2+2] cycloaddition reaction
(isolated yield, ee).

A) Reaction of 1a with acceptor «,3-unsaturated aldehydes.

/ /
0] 0]

OH OH
H
1)3d MeOH, \ 2) NaBH,, \
MeOH. 8 °c._HO o

1a 2

@]

Hoﬁr HO/\:CF
Br O
5a 5b 5c 5d 5e 5f
(78%, 98% ee)  (78%, 98% ee) (80%, 98% ee)  (66%, 95% ee) (74%, 96% ee) (66%, 91% ee)

Ar = 4-hydroxy-3-methoxyphenyl
B) Reaction of cinnamaldehyde with other donor alkenes.

R R
H
J)j\ 1)3d MeOH, o ) 2) NaBHy, A

1b-d 2a 4g-h 5g-h
1b: R = R, = OMe, R, = Me 1c¢: R = OH, Ry = OMe, R, = CH,OH 1d: R = OH, R; = H, R, = CH,CH,

/
0]

n.r 4q (77%, 99% ee) 5h (45%, 97% ee)

Unless otherwise noted, reactions were performed on with 1 (0.33 mmol), 2 (0.50 mmol) with
catalyst 3d (0.1 eq.) in 0.66 mL of MeOH, over 5 days at 8 °C. Yields are reported of the cyclobutane
aldehyde. ee was determined using the reduced cyclobutanes using HPLC analysis. 4g was
benzoylated prior to reduction to avoid production of a meso diol. n.r = no reaction.
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giving rise to the cyclobutane 4g in 77% isolated yield as essentially a single enantiomer. Hence, the
method allows for the catalytic asymmetric head-to-tail dimerization of a cinnamaldehyde derivative
with a cinnamyl alcohol permitting access to heterodimeric cyclobutane carboxaldehydes (vide infra).
The reaction was also successful employing (E)-1-(4-hydroxyphenyl)-1-butene 1d, yielding the
corresponding cycloadduct 5h (after reduction). Overall, the results show that a conjugated free-
phenolic substituent is required to activate the electron-rich donor olefin for successful engagement
in the reaction, and that the reaction works well with a wide variety of cinnamaldehyde derivatives 2.

A selection of transformations was developed to investigate applications while retaining
chirality on the heterodimeric cyclobutane 4g (Scheme 4.2). Direct reduction of 4g would lead to a
meso-triol (not shown), however 4g could be converted to the bis-benzoate 7, allowing reduction of
the aldehyde to yield the cyclobutamethanol 8. Chiral HPLC analysis of 8 demonstrated that

homochirality was maintained through this tightrope of reactions (Scheme 4.2, ii and iii).

/

QM J)L jﬁ:k N ﬂﬁzk onazIII m@

8 99% ee

Vii
l iv
/ / /

OAc \ OAc \ OH

SCHEME 4.2 Selective manipulations of 4g. i: 3d (0.1 eq), MeOH, 8 °C, 5d, 77%. ii: Benzoyl chloride
(2.2 eq), 4-dimethylaminopyridine (0.1 eq), diisopropylethylamine, CH>Cl,, 58%. iii: NaBH4 (1.0 eq),
EtOH, 95%. iv: acetyl chloride (2.2 eq), 4-dimethylaminopyridine (0.1 eq), diisopropylethylamine,
CH,Cl,, 50%. v: NaBH, (1.0 eq), MeOH, 20 min, 90%. vi: NaBH4 (5 eq), MeOH, 8 h (90%). vii:
(ethoxycarbonylmethyl)triisobutylphosphonium bromide (3.0 eq), KOtBu (3.0 eq), THF, 0 °C — rt, 1
h, 75%.
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In addition, rac-4a was readily converted to the diacetate 9, reduction of which led quickly to
the diacetoxy alcohol 10. We also discovered that reaction of 9 or 10 with excess sodium borohydride
led to the reductive cleavage of the ortho-methoxy acetate, most likely through a chelation-assisted
pathway. This reaction yields the free phenol derivative 11, an intermediate that appears suitable for
one-electron oxidative fragmentation reactions.” Finally, reaction of rac-4g with the ylide derived
from (ethoxycarbonylmethyl)triisobutylphosphonium bromide, gave the two-carbon extended ester
12, analogous to natural products such as nigramide P (Figure 4.10).

It is important to note that the two-step sequence of 1 followed by vii (Scheme 4.2) opens a
controlled access to vinyl-cyclobutanes, avoiding possible [4+2]-type adducts™ that often co-occur

with the natural cyclobutanes.

Ph
OTMS

_Z+

I

5T

" FL

FIGURE 4.12 Proposed catalytic cycle and absolute stereochemical configuration of cyclobutane
derivatives.
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FIGURE 4.13 Transition-state assembly using catalyst 3d leading to the product of absolute
stereochemistry shown in Figure 4.11.

From a mechanistic perspective, we were able to successfully conduct the stepwise [2+2]-
reaction of 1a with 2a using pyrrolidine 3a catalysis either in the dark or in the presence of 5 mol% 4-
tertbutylcatechol indicating that neither photochemical nor oxidative processes are involved. In
conjunction with the very high e¢ values observed, the evidence indicates that the reaction proceeds
through a stepwise formal [2+2] using tandem iminium-enamine catalysis (Figure 4.12).

The stereochemistry of the reaction is rationalized through the transition-state assembly
depicted in Figure 4.13 using catalyst 3d. The donor substituent (most likely the phenoxide anion)
attacks the least hindered S/ -face of the iminium ion (Figure 4.13, (I)) with the diarylprolinol
substituent placed distal allowing an overall anti-petiplanar HOMO-LUMO alignment for the first
step of the cascade. The model shows that a strong possibility exists for stabilising face or edge-on n—
n secondary orbital interactions in this assembly. The enamine (II) now closes the cyclobutane ring by
adding on to the p-quinomethide intermediate, with iminium hydrolysis completing the cascade.

In conclusion, we report the discovery of novel organocatalytic methodology for the
asymmetric synthesis of highly functionalized chiral cyclobutanes in a regiospecific manner from o,3-
unsaturated aldehydes and alkenylphenols. The process yields heterodimeric head-to-tail coupled

cyclobutanes in good yield and with excellent enantioselectivity.
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A selection of transformations on the cyclobutane carboxaldehyde 4g have been developed to
showcase the potential of this method to access chiral synthetic intermediates and adducts suitable for
fragmentation reactions or conversion to natural product-containing cyclobutanes and analogues.
Finally, the ease with which these strained tetrasubstituted cyclobutanes are formed under iminium-

"l which could lead to

ion catalysis opens another consideration regarding the nature of the [2+2]-ase,
such natural products under non-oxidative and non-photoinduced conditions. As novel methods for
the synthesis of cyclobutanes are actively sought,” the present discovery highlights a widening gap in
comparison to classic approaches to “tetramethylene” carboxylates!” and cyclobutane itself,! in
terms of reaction yield, regio-control, and now one-step asymmetric entry to these intermediates. Our

group is actively exploring umpoled variations of the chemistry to access head-to-head dimers as well

as applications in total synthesis.
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4.5 Preliminary biological activity of cyclobutane derivatives and future work

As part of the McNulty group’s collaboration with the Stanley Medical Research Institute, several of
the racemic cyclobutane (5a, 5b, 5f) derivatives described above were screened against a wide range
of viruses through the National Institute of Allergy and Infectious Diseases (NIAID). In general, the
compounds showed only moderate activity and poor selectivity (most potent activities shown in Table
4.3). Where not inactive, the anti-viral activities were confounded by similar levels of toxicity to the
host cell line. Thus, reduction in viral replication was more likely due to cell death as opposed to any
real antiviral effect of the compounds. The highest selectivity was seen for the Tacaribe virus, but the

Selectivity Index (SI = CCso/ECsg) was still quite low.

HO
0
Virus
. ECS() CCS() SI ECS() CCS() SI ECS() CCS() SI
(Cell line)
Coxsackde Virus 32 35 1.1 >10 <1 >10 <1
(Vero)
Hep C (Huh 7) - 11.6 <1 >20 <1 >20 <1
Murine CMV
(HEF, 17.2 23.4 1.36 54.2 <1 72.1 <1
Rift Valley Fever 32 32 1 4.6 6.8 1.5 >10 >10 <1
(Vero)
Tacatibe Virus 1 2.8 2.8 1.2 4.6 38 1.4 5.2 3.7
(Vero)
Ven. Equine
Enceph. (Vero) - 31 <1 71 <1 >10 <1

TABLE 4.3 Racemic cyclobutanes tested for antiviral activity in an NIAID screen. ECso — compound
concentration that reduces viral replication by 50%; CCs) — compound concentration that reduces cell
viability by 50%. SI = CCs/ECs) All concentrations are in uM. Black box — no anti-viral effect.
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While host cell toxicity reduces the utility of these compounds as antiviral agents, it was
thought that this cytotoxicity might grant them anticancer properties. The McNulty Group sent a
small library of compounds, including a sample of racemic cyclobutane 4a, to be screened for activity
against four different leukemia cell lines at the Ontario Institute for Cancer Research (OICR). The
OICR screen demonstrated that 4a possesses low micromolar ICsy values against human B-cell non-
Hodgkin lymphoma (Karpas-422 and Toledo) and leukemia (K-562 and MV4-11) cell lines (Table
4.4). These initial results may warrant further exploration. Screening additional racemic cyclobutane
aldehydes (4) and alcohols (5) would likely reveal even more potent anti-cancer compounds. Any hits
from the racemates could be further optimized by screening each enantiomer separately, as one
enantiomer may be significantly more active than the other. Thus, future work on this project could
focus on further elaborating the cytotoxic properties of the novel cyclobutane derivatives accessed via

organocatalytic [2+2] cycloaddition.

Cell line (cell type) 1Cs0 (uM)
Toledo (8 lymphocyte) 14.7
Karpas-422 (3 lymphocyte) 8.3
K-562 (lymphoblast) 5.3
MV4-11 (lymphoblast) 1.9

TABLE 4.4 Activity of racemic cyclobutane derivative 4a against several cancer cell lines. ICso —
compound concentration that reduces cell proliferation by 50%.
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4.6 Conclusions

The asymmetric [2+2] reaction described in this thesis represents one of very few organocatalytic
methodologies for cyclobutane synthesis. As well, it builds upon the Wittig methodology discussed in
Chapter 3 by demonstrating the synthetic utility of alkenyl phenols in asymmetric synthesis. This
method is notable for its use of cheap and readily available catalysts, high diastereo- and
enantioselectivity, and the ability to create four contiguous stereocenters in a single step. The
cyclobutanes prepared using this method are also readily derivatized, containing several reactive
functional groups upon which more complicated structures could be built. This fact should help any
future work that is aimed at elucidating and improving the promising anti-cancer activity displayed by
these compounds. Overall, this chapter best highlights the intersection of organocatalysis and the

Wittig reaction, the two cornerstones of this thesis.
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4.7 Experimental

This experimental is provided as published in Chem. Eur. J., 2016, 22, 9111-9115.

All reactions were carried out under nitrogen atmosphere in oven-dried flasks, unless otherwise stated.
All fine chemicals were obtained from Sigma Aldrich. Tetrahydrofuran, toluene and N,N-
diisopropylethylamine were distilled over sodium/benzophenone under nitrogen atmosphere.
Methanol was distilled over magnesium turnings under nitrogen atmosphere. Dichloromethane was
distilled over calcium hydride under nitrogen atmosphere. Reactions were monitored using thin layer
chromatography (TLC) using Macherey-Nagel silica gel 60 Fass TLC aluminum plates and visualized
with UV fluorescence and staining with 2,4-dinitrophenylhydrazine or vanillin stains. Bulk solvent
removal was performed by rotary evaporation under reduced pressure. For reactions with solvent
volumes under 3 ml, the solvent was evaporated under a stream of nitrogen. Column
chromatographic purification was performed using Silicycle silica gel (40—-63 pM, 230-400 mesh) with
technical grade solvents. Yields are reported for spectroscopically pure compounds, unless stated
otherwise.

Data Analyses

HRMS (EI) were performed with a Waters GCT and HRMS (ESI) were performed on a Waters QTolF
Global Ultima spectrometer. 'H and "C NMR spectra were recorded on a Bruker AV 600
spectrometer in CDCl; with TMS as internal standard, chemical shifts (3) are reported in ppm
downfield of TMS and coupling constants (]) are expressed in Hz. Enantiomeric ratios were
determined using an Agilent 1220 Infinity HPLC with manual injection and a variable wavelength
detector, using a Chiralcel OD-H column; wavelength = 250 nm, flow rate 1.0 mL/min n-
hexane/iPrOH (80:20) as mobile phase. Optical rotations were measured using a Perkin-Elmer 241
MC polarimeter. X-ray crystallographic analysis was performed by Dr. Hilary A. Jenkins at the
McMaster Analytical X-Ray (MAX) Diffraction Facility.
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Preparation of Starting Materials

la (E)-2-methoxy-4-(prop-1-en-1-yl)phenol (isoeugenol) was prepared following a

N
Ho/(o;/v procedure reported by Curti ez a-' Eugenol (1.00 g, 6.10 mmol, 1.0 eq.) was dissolved

~N

in MeOH (40 mL) and the solution thoroughly degassed. Then, PdCl, (0.054 g, 0.31 mmol, 0.05 eq)
was added and the solution was stirred vigorously under nitrogen atmosphere. After 24 h, NMR
analysis of the crude mixture demonstrated essentially complete isomerization of the double bond.
The mixture was then filtered over celite, concentrated under reduced pressure and the resulting oil
flash chromatographed over silica gel (0-20% EtOAc/hexanes). The desired fractions were
concentrated under reduced pressure to give the desired product in 90% yield as light-yellow oil that
crystallizes upon refrigeration. 'H NMR (600 MHz, CDCls) 8 6.86 — 6.80 (m, 3H), 6.31 (dq, ] = 15.7,
1.7 Hz, 1H), 6.06 (dq, ] = 15.7, 6.6 Hz, 1H), 5.52 (s, 1H, Ar-OH), 3.88 (s, 3H), 1.84 (dd, ] = 6.6, 1.7

Hz, 3H). All data are in accordance with the literature.'

~ 1b (E)-1,2-dimethoxy-4-(prop-1-en-1-yl)benzene (methylisoeugenol): Isoeugenol (
. /@/\/

o 0.238 g, 1.45 mmol, 1.0 eq.) and KOH (0.115 g, 2.03 mmol, 1.4 eq.) were combined

in 3.0 mL. DMSO and stirred for 1 hour at room temperature. Then, Mel (0.135 mL, 2.17 mmol 1.5
eq.) was added and the reaction was stirred overnight, after which complete consumption of the
starting material was noted by TLC. The reaction was then quenched with 0.4 mL trimethylamine and
stirred for a further 30 min. Then, 3.0 mL water was added, and the mixture was extracted with Et,O
(3 x 10 mL). The combined organic layers were dried over MgSO, and concentrated iz vacuo to give
the desired product in 98% yield as a yellow oil with no further purification necessary. "H NMR (600
MHz, CDCls) 8 6.91 — 6.82 (m, 2H), 6.79 (d, ] = 8.2 Hz, 1H), 6.33 (dd, /] = 15.7, 1.3 Hz, 1H), 6.10
(dq, J = 15.6, 6.6 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 1.86 (dd, ] = 6.6, 1.3 Hz, 3H). All data are in

accordance with the literature.?
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/Q/\V\OH lc (E)-4-(3-hydroxyprop-1-en-1-yl)-2-methoxyphenol (coniferyl alcohol) was
" ol prepared following a procedure reported by Quideau and Ralph.” Ethyl ferulate
(1.07 g, 4.77 mmol, 1.0 eq.) was dissolved in toluene (50 mL) and cooled to 0 °C in an ice-water bath.
Then, diisobutylaluminum hydride (20 mL of 1.0 M solution in toluene, 4.2 eq.) was added dropwise
to the mixture over 10 minutes. The reaction was allowed to stir for another hour and was then
quenched with the slow addition of 5 mLL EtOH. The mixture was partially concentrated under
reduced pressure and mild warming (35 — 40 °C) in a rotary evaporator. Then water (25 mL) was
added, resulting in the formation of a gelatinous precipitate that was filtered off and washed
extensively with EtOAc (4 x 75 mL). The aqueous layer was discarded, and the combined organic
extracts were dried over sodium sulphate and concentrated under reduced pressure to give the desired
product in 92% yield as a white solid, which was stored at 8 °C. '"H NMR (600 MHz, CDCl3) 8 6.93 —

6.85 (m, 3H), 6.54 (dt, ] = 15.8, 1.4 Hz, 1H), 6.22 (dt, ] = 15.8, 6.0 Hz, 1H), 5.63 (s, 1H, Ar-OH), 4.30

(td, J = 6.0, 1.4 Hz, 2H), 3.91 (s, 3H). All data are in accordance with the literature.’

5 1d (E)-4-(but-1-en-1-yl)phenol) was prepared using a novel Wittig methodology that
H will be published shortly. Data are as follows: '"H NMR (600 MHz, CDCls) 8 7.23 (d,
J=8.6Hz,2H),6.76 (d, ] = 8.6 Hz, 2H), 6.31 (d, ] = 15.9 Hz, 1H, Ar-OH), 6.11 (dt, ] = 15.9, 6.5 Hz,
1H), 4.72 (s, 1H), 2.24 — 2.18 (m, 2H), 1.07 (t, ] = 7.5 Hz, 3H). "C NMR (151 MHz, CDCls) 8 154.6,
131.2, 130.8, 128.2, 127.3, 115.5, 26.2, 13.9. HMRS (ES") calc. for C;0H1;O [M-H] 147.0810; found

147.0818.
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a,B-unsaturated aldehydes (2) were prepared using the aqueous Wittig methodology developed by our
group.! Yields and spectroscopic data were in agreement with the literature. 3-nitrocinnamaldehyde
was not previously made using our aqueous methodology, but was prepared from (2,2-
diethoxyethyl)tripropylphosphonium bromide and 3-nitrobenzaldehyde using an anhydrous Wittig

methodology previously reported by our group.’

MO (E)-3-nitrocinnamaldehyde. 80% yield, tan solid. 'H NMR (600 MHz, CDCls) 8 9.78 (d,
J=7.4Hz 1H),842 (t, ] = 1.9 Hz, 1H), 8.30 (ddd, ] = 8.2,2.2,0.9 Hz, 1H), 7.89 (d, ] = 7.7 Hz, 1H),
7.65 (t, ] = 8.0 Hz, 1H), 7.54 (d, ] = 16.1 Hz, 1H), 6.82 (dd, | = 16.1, 7.4 Hz, 1H). "C NMR (151
MHz, CDCl;) 8 192.9, 149.1, 135.9, 133.7, 131.0, 130.4, 125.5, 123.2. HMRS (ES") calc. for CoHiNO3

[M-H]" 176.0348; found 176.0340.

Preparation of Cyclobutanes via Organocatalytic Cascade Reaction

.'J H.-|
1]3d MeOH, 2) NaBHy,, @
,@N ))'L %D\ MeOH, 0°C | HE

Ar R

General conditions: To a solution of cinnamaldehyde 2 (0.50 mmol, 1.5 eq.) in MeOH (0.33 mL) was
added catalyst 3d (0.033 mmol, 0.1 eq) at 8 °C. Then, a solution of alkene 1 (0.33 mmol, 1.0 eq.) in
MeOH (0.33 mL) was added, and the reaction mixture held at 8 °C for 5 days without stirring. Then,
the reaction mixture was concentrated under a stream of nitrogen and the resulting crude oil purified

using silica gel chromatography. Purity of the cyclobutane aldehyde was determined using '"H NMR.
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Most derivatives were stable at room temperature, but some derivatives could undergo decomposition
if left in solution. As such, the aldehydes were immediately reduced using NaBH, (1.0 eq) in MeOH
(5 ml/mmol aldehyde) at 0 °C. After 15 minutes, the reactions were quenched with 1 M HCL The
resulting mixtures were then extracted with DCM, concentrated under a stream of nitrogen or using
rotary evaporation and the resulting resin was purified directly using silica gel chromatography. The
resulting cyclobutane alcohols are stable at room temperature and were used to determine ee and

optical rotation.

o 4a  (1R,2R,3§,45)-2-(4-hydroxy-3-methoxyphenyl)-3-methyl-4-phenylcyclobutane

HIED\ % carbaldehyde. Yield: 78%, yellow oil. Chromatography: 0 — 25% EtOAc/hexanes.
@ "H NMR (600 MHz, CDCly) 8 9.87 (d, ] = 2.0 Hz, 1H), 7.35 (t, ] = 7.6 Hz, 2H), 7.29
7.4 (m, 3H), 6.90 (d, ] = 8.1 Hz, 1H), 6.80 (dd, ] = 8.1, 1.8 Hz, 1H), 6.75 (s, 1H), 5.54 (s, 1H, Ar-
OH), 3.90 (s, 3H), 3.28 (td, ] = 9.5, 2.0 Hz, 1H), 3.21 (t, ] = 9.4 Hz, 1H), 3.15 (t, ] = 9.4 Hz, 1H), 2.56
(tq, ] = 9.4, 6.5 Hz 1H), 1.30 (d, ] = 6.5 Hz, 3H). *C NMR (151 MHz, CDCly) 8 201.5, 146.7, 144.7,
142.0, 133.9, 128.8, 127.0, 126.9, 119.5, 114.6, 109.7, 58.1, 56.1, 46.0, 45.9, 43.0, 19.5. HMRS (ES*)

calc. for CioH2 O3 [M+H]" 297.1491; found 297.1493.

o OH 5a  4-((1R,2R,35,4S)-2-(hydroxymethyl)-4-methyl-3-phenylcyclobutyl)-2-methoxy
KD\ 3 phenol. Yield: 95% from 4a, yellow oil. Chromatography: 20 — 40%
Q EtOAc/hexanes. [o]p = +4.1 (¢ 1.73, CHCLs, 97.5% e¢). 'H NMR (600 MHz,
CDCly) 8 7.38 — 7.29 (m, 4H), 7.25 — 7.22 (m, 1H), 6.89 (d, ] = 7.9 Hz, 1H), 6.83 — 6.80 (m, 2H), 5.57
(s, 1H, Ar-OH), 3.90 (s, 3H), 3.80 (bt s, 2H), 2.76 (¢, ] = 9.4 Hz, 1H), 2.71 (t, ] = 9.4 Hz, 1H), 2.59
2.53 (m, 1H), 2.32 (tq, ] = 9.4, 6.5 Hz, 1H), 1.36 (s, 1H, OH), 1.25 (d, ] = 6.5 Hz, 3H). "C NMR (151

MHz, CDCly) & 146.6, 144.3, 143.4, 135.4, 128.6, 127.1, 126.4, 119.7, 114.5, 109.8, 65.1, 56.0, 49.5,
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47.7, 47.5, 43.8, 19.5. HMRS (ES) calc. for C1oH2Os [M-H] 297.1496; found 297.1483. HPLC (e.c.
determination): RTmsjor = 9.0 min, RTminer = 11.1 min, OD-H column, iPrOH/Hexane (20:80) as a

mobile phase; flow rate 1.00 ml/min, sample: 0.1 mg / ml dissolved in the mobile phase.

" 4b  (1R,2S,3S,4R)-2-(4-chlorophenyl)-4-(4-hydroxy-3-methoxyphenyl)-3-methyl

0

H&D\ \ cyclobutane carbaldehyde. Yield: 78%, yellow oil. Chromatography: 0 — 25%
ClD EtOAc/hexanes. "H NMR (600 MHz, CDCls) 8 9.85 (d, ] = 1.9 Hz, 1H), 7.31 (d, ]
= 8.4 Hz, 2H), 7.20 (d, ] = 8.4 Hz, 2H), 6.90 (d, ] = 8.1 Hz, 1H), 6.79 (dd, ] = 8.1, 1.8 Hz, 1H), 6.73
(d, J = 1.8 Hz, 1H), 5.58 (s, 1H, Ar-OH), 3.90 (s, 3H), 3.22 (td, ] = 9.3, 1.8 Hz, 1H), 3.18 (t, ] = 9.3
Hz, 1H), 3.13 (t, ] = 9.3 Hz, 1H), 2.50 (tq, ] = 9.3, 6.5 Hz, 1H), 1.29 (d, ] = 6.5 Hz, 3H). "C NMR
(151 MHz, CDCls) 8 201.2, 146.7, 144.8, 140.4, 133.6, 132.7, 128.9, 128.3, 119.4, 114.7, 109.6, 58.0,

56.1, 46.2, 45.0, 43.0, 19.4. HRMS (EI) calc. for C19H;9O5Cl [M]* 330.1023; found 330.1020.

o OH  Bb 4-((1R,2R,3§,4S)-3-(4-chlorophenyl)-2-(hydroxymethyl)-4-methylcyclobutyl)-2-

KD\ 1 methoxyphenol. Yield: 94% from 4b, clear colourless oil. Chromatography: 20 —
c1© 40% EtOAc/hexanes. [a]p = +3.2 (c 1.92, CHCls, 98% ee). 'H NMR (600 MHz,
CDCly) 8 7.30 (d, ] = 8.4 Hz, 2H), 7.23 (d, | = 8.4 Hz, 2H), 6.88 (d, ] = 8.0 Hz, 1H), 6.80 (dd, ] = 8.1,
1.8 Hz, 1H), 6.78 (d, ] = 1.8 Hz, 1H), 5.56 (s, 1H, Ar-OH), 3.90 (s, 3H), 3.80 — 3.76 (m, 2H), 2.73 (t,
J=9.4Hz, 1H), 2.70 (t, ] = 9.4 Hz, 1H), 2.54 — 2.46 (m, 1H), 2.26 (tq, | = 9.4, 6.5 Hz, 1H), 1.38 (s,
1H, OH), 1.23 (d, ] = 6.5 Hz, 2H). "C NMR (151 MHz, CDCls) 8 146.6, 144.3, 141.9, 135.1, 132.1,
128.7, 128.5, 119.6, 114.5, 109.8, 64.9, 56.0, 49.6, 47.6, 47.0, 43.9, 19.4. HMRS (ES") calc. for
C1oH,,05Cl [M+H]" 333.1257; found 333.1265. HPLC (e.e. determination): RT major = 8.5 min, R minor

= 10.7 min, OD-H column, iPrOH/Hexane (20:80) as a mobile phase; flow rate 1.00 ml/min, sample:

0.1 mg / ml dissolved in the mobile phase.
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oM 4c (1R,28,3S,4R)-2-(4-bromophenyl)-4-(4-hydroxy-3-methoxyphenyl)-3-methyl

]

H‘]ﬂ:k | cyclobutane carbaldehyde. Yield: 80%, light yellow oil. Chromatography: 0 — 25%
BrD EtOAc/hexanes. '"H NMR (600 MHz, CDCls) 8 9.85 (d, ] = 1.9 Hz, 1H), 7.46 (d, |
= 8.3 Hz, 2H), 7.15 (d, ] = 8.3 Hz, 2H), 6.90 (d, ] = 8.1 Hz, 1H), 6.79 (dd, ] = 8.1, 1.8 Hz, 1H), 6.73
(d, J = 1.8 Hz, 1H), 5.60 (s, 1H, Ar-OH), 3.90 (s, 3H), 3.22 (td, ] = 9.4, 1.9 Hz, 1H), 3.19 — 3.11 (m,
2H), 2.50 (tq, ] = 9.4, 6.5 Hz, 1H), 1.29 (d, ] = 6.5 Hz, 3H). "C NMR (151 MHz, CDCls) & 201.2,
146.7, 144.8, 140.9, 133.5, 131.9, 128.7, 120.7, 119.4, 114.7, 109.6, 58.0, 56.1, 46.2, 45.1, 43.0, 19.4.

HMRS (ES) cale. for CioH50:Br [M-H] 373.0439; found 373.0435.

o " 5¢ 4-((1R,2R,38,4S)-3-(4-bromophenyl)-2-(hydroxymethyl)-4-methylcyclobutyl)-2-

Hj\ i methoxyphenol. Yield: 95% from 4c, light yellow oil. Chromatography: 20 — 40%
BrQ EtOAc/hexanes. [¢]p = +4.0 (c 1.48, CHCls, 98% ee). 'H NMR (600 MHz, CDCls)
37.45(d,J=8.4Hz 2H),7.18 (d, ] = 8.4 Hz, 2H), 6.88 (d, ] = 8.0 Hz, 1H), 6.81 — 6.76 (m, 2H), 5.53
(s, 1H, Ar-OH), 3.90 (s, 3H), 3.78 (d, ] = 5.2 Hz, 2H), 2.72 (t, ] = 9.6 Hz, 1H), 2.70 (t, ] = 9.6 Hz,
1H), 2.49 (tt, ] = 9.6, 5.2 Hz, 1H), 2.26 (tq, ] = 9.6, 6.5 Hz, 1H), 1.37 (s, 1H, OH), 1.23 (d, ] = 6.5 Hz,
3H). "C NMR (151 MHz, CDCls) 8 146.6, 144.4,142.4,135.1,131.7,128.9, 120.2, 119.6, 114.5, 109.8,
64.9, 56.1, 49.5, 47.6, 47.0, 43.8, 19.4. HMRS (ES") calc. for C1oH»OsBr [M+H]" 377.0752; found
377.0746. HPLC (e.e. determination): RTmuor = 9.1 min, RTminer = 12.0 min, OD-H column,

iPrOH/Hexane (20:80) as a mobile phase; flow rate 1.00 ml/min, sample: 0.1 mg / ml dissolved in

the mobile phase.

4d (1S,2R,3R,4S)-2-(4-hydroxy-3-methoxyphenyl)-3-methyl-4-(o-tolyl) cyclobutane

OH
O

H/KD\ Q carbaldehyde. Yield: 66%, light vyellow oil. Chromatography: 0 — 20%

©\ EtOAc/hexanes. 'H NMR (600 MHz, CDCy) & 9.85 (d, ] = 2.4 Hz, 1H), 7.40 (d, ] =
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7.7 Hz, 1H), 7.27 — 7.24 (m, 1H), 7.19 — 7.15 (m, 2H), 6.91 (d, ] = 8.1 Hz, 1H), 6.83 (dd, ] = 8.1, 1.7
Hz, 1H), 6.76 (d, ] = 1.9 Hz, 1H), 5.56 (s, 1H, Ar-OH), 3.91 (s, 3H), 3.41 (¢, ] = 9.4 Hz, 1H), 3.28 (td,
] =9.4,24Hz, 1H), 3.17 (t, ] = 9.4 Hz, 1H), 2.64 (tq, | = 9.4, 6.5 Hz, 1H), 2.35 (s, 3H), 1.27 (d, ] =
6.5 Hz, 3H). C NMR (151 MHz, CDCly) 8 201.5, 146.7, 144.7, 139.6, 136.3, 134.0, 130.6, 126.9,
126.5,126.2,119.5, 114.6, 109.8, 58.6, 56.1, 45.7, 43.1, 42.5, 20.4, 19.6. HMRS (ES") calc. for CoHO5

[M-H] 309.1491; found 309.1499.

on 5d  4-((1R,2§,35,4R)-2-(hydroxymethyl)-4-methyl-3-(o-tolyl)cyclobutyl)-2-methoxy

Q phenol. Yield: 93% from 4d, light yellow oil. Chromatography: 15 — 30%

O\ EtOAc/hexanes. [¢]p = +4.7 (c 1.25, CHCls;, 95% ee). 'H NMR (600 MHz, CDCly)
8741 (d,J=7.6Hz 1H),7.24 (dd, /] = 10.8, 4.1 Hz, 1H), 7.17 (d, ] = 6.7 Hz, 1H), 7.13 (td, ] = 7.4,
1.2 Hz, 1H), 6.90 (d, ] = 8.0 Hz, 1H), 6.87 — 6.81 (m, 2H), 5.53 (s, 1H, Ar-OH), 3.92 (s, 3H), 3.77 -
3.70 (m, 2H), 3.03 (t, ] = 9.4 Hz, 1H), 2.73 (t, ] = 9.4 Hz, 1H), 2.57 (tt, ] = 9.4, 5.0 Hz, 1H), 2.41 (s,
3H), 2.38 — 2.30 (m, 1H), 1.24 (t, ] = 5.7 Hz, 1H, OH), 1.21 (d, ] = 6.5 Hz, 3H). "C NMR (151 MHz,
CDCL) & 146.6, 144.3, 141.1, 136.3, 135.5, 130.3, 126.4, 126.4, 126.2, 119.7, 114.5, 109.9, 64.7, 56.1,
50.1, 47.3, 44.5, 43.3, 20.2, 19.6. HMRS (ES’) calc. for CxH2;0s [M-H] 311.1647; found 311.1638.
HPLC (e.e. determination): RTmsor = 8.8 min, RTmino: = 10.3 min, OD-H column, iPrOH/Hexane

(20:80) as a mobile phase; flow rate 1.00 ml/min, sample: 0.1 mg / ml dissolved in the mobile phase.

o d’ " 4e (1R,2R,3S,4S)-2-(4-hydroxy-3-methoxyphenyl)-3-methyl-4-(3-nitrophenyl)
H Q
Jﬂj\ \ cyclobutane carbaldehyde. Yield: 74%, yellow oil. Chromatography: 0 — 50%
(o Et:O/hexanes. "H NMR (600 MHz, CDCl3) 8 9.88 (d, ] = 1.7 Hz, 1H), 8.16 — 8.10
2

(m, 2H), 7.60 (d, J = 7.7 Hz, 1H), 7.54 — 7.49 (m, 1H), 6.91 (d, ] = 8.1 Hz, 1H), 6.81 (dd, ] = 8.1, 1.9

Hz, 1H), 6.75 (d, ] = 1.9 Hz, 1H), 5.57 (s, 1H, Ar-OH), 3.92 (s, 3H), 3.34 (t, ] = 9.4 Hz, 1H), 3.29 (td,
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] =9.4,1.7 Hz, 1H), 3.16 (t, ] = 9.3 Hz, 1H), 2.58 (tq, ] = 9.3, 6.5 Hz, 1H), 1.33 (d, ] = 6.5 Hz, 3H).
3C NMR (151 MHz, CDCL) 8 200.7, 148.7, 146.8, 145.0, 144.1, 133.4, 133.1, 129.8, 122.1, 121.7,
119.4,114.8,109.6, 57.8, 56.1, 46.7, 44.6, 43.0, 19.4. HMRS (ES") calc. for C1oH;sNOs [M-H] 340.1185;

found 340.1195.

o O" B5e  4-((1R,2R,3S,4S)-2-(hydroxymethyl)-4-methyl-3-(3-nitrophenyl)cyclobutyl)-2-

KD\ k methoxyphenol. Yield: 92% from 4e, yellow oil. Chromatography: 50 — 80%

o Et:O/hexanes. [a]p = -2.5 (c 0.85, CHCl3, 96% ee). 'H NMR (600 MHz, CDCls) &

2

8.17 (t, ] = 1.9 Hz, 1H), 8.08 (ddd, ] = 8.1, 2.2, 0.9 Hz, 1H), 7.64 (d, ] = 7.6 Hz, 1H), 7.49 (t, ] = 7.9
Hz, 1H), 6.89 (d, ] = 8.0 Hz, 1H), 6.79 (dt, ] = 4.3, 1.8 Hz, 2H), 5.53 (s, 1H, Ar-OH), 3.92 (s, 3H),
3.86 — 3.78 (m, 2H), 2.91 (t, ] = 9.4 Hz, 1H), 2.77 (t, ] = 9.4 Hz, 1H), 2.57 (tt, ] = 9.4, 5.3 Hz 1H),
2.38 — 2.30 (m, 1H), 1.39 (t, ] = 5.1 Hz, 1H, OH), 1.28 (d, ] = 6.5 Hz, 3H). "C NMR (151 MHz,
CDCL) & 148.0, 146.7, 145.7, 144.5, 134.7, 133.5, 129.5, 122.0, 121.5, 119.6, 114.6, 109.7, 64.5, 56.1,
49.5,47.4,47.2,43.8,19.4. HMRS (ES’) calc. for CiyHNOs [M-H] 342.1341; found 342.1344. HPL.C
(e.e. determination): RTmajor = 11.2 min, RTminor = 13.6 min, OD-H column, iPrOH/Hexane (20:80)

as a mobile phase; flow rate 1.00 ml/min, sample: 0.1 mg / ml dissolved in the mobile phase.

on 4f (1S,258,3R,4R)-2-(benzo|d][1,3]dioxol-5-y1)-4-(4-hydroxy-3-methoxyphenyl)-3-

0
H‘S:‘\ A methylcyclobutane carbaldehyde. Yield: 66%, yellow oil. Chromatography: 10 —
EO_D‘ 30% EtOAc/hexanes. 'H NMR (600 MHz, CDCls) 8 9.84 (d, ] = 2.1 Hz, 1H), 6.89
(d, ] = 8.1 Hz, 1H), 6.79 — 6.76 (m, 3H), 6.74 — 6.71 (m, 2H), 5.95 (s, 2H), 5.57 (s, 1H, Ar-OH), 3.90
(s, 3H), 3.19 (td, ] = 9.5, 2.1 Hz, 1H), 3.10 (td, ] = 9.4, 4.1 Hz, 2H), 2.47 (tq, ] = 9.4, 6.4, 1H), 1.26 (d,

J = 6.4 Hz, 3H). "C NMR (151 MHz, CDCl5) 8 201.5, 148.1, 146.7, 146.6, 144.7, 135.9, 133.8, 120.00,
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119.4, 114.6, 109.7, 108.5, 107.4, 101.2, 58.5, 56.1, 45.9, 45.8, 43.3, 19.4. HRMS (ES") calc. for C-

2()H2105 M+H]+ 3411389, found 341.1390.

ov 5f 4-((1R,28,3S,4R)-3-(benzo[d][1,3]dioxol-5-yl)-2- (hydroxymethyl)-4-methyl

OH
H]\ 1 cyclobutyl)-2-methoxy phenol. Yield: 93% from 4f, yellow oil. Chromatography: 20
/?;Q — 40% EtOAc/hexanes. [o]p = -0.8 (c 1.14, CHCl3, 91% ee). '"H NMR (600 MHz,
CDCl) 8 6.88 (d, ] = 8.0 Hz, 1H), 6.82 — 6.73 (m, 5H), 5.94 (s, 2H), 5.50 (s, 1H, Ar-OH), 3.91 (s, 3H),
3.77 (d, ] = 5.0 Hz, 2H), 2.66 (td, | = 9.3, 5.3 Hz, 2H), 2.47 (tt, ] = 9.3, 5.0 Hz, 1H), 2.23 (tq, ] = 9.3,
6.5 Hz, 1H), 1.25 (s, 1H, OH), 1.21 (d, ] = 6.5 Hz, 3H). "C NMR (151 MHz, CDCls) 8 148.0, 146.6,
146.2, 144.3, 137.4, 135.3, 120.0, 119.7, 114.5, 109.8, 108.4, 107.6, 101.0, 65.1, 56.1, 50.0, 47.6, 47.5,
44.2, 19.3. HMRS (ES") calc. for CxH»OsNa [M+Na]® 365.1365; found 365.1370. HPLC (e.c.

determination): RTmajor = 13.0 min, RTwiner = 14.7 min, OD-H column, iPrOH/Hexane (20:80) as a

mobile phase; flow rate 1.00 ml/min, sample: 0.1 mg / ml dissolved in the mobile phase.

ov 4g (1R,2R,3S,45)-2-(4-hydroxy-3-methoxyphenyl)-3-(hydroxymethyl)-4-phenyl
0

H&EK A cyclobutane carbaldehyde. Yield: 77% yield, white foamy solid. Chromatography: 0 —
@ kil 4% MeOH/DCM. 'H NMR (600 MHz, CDCl3) 8 9.89 (d, ] = 2.0 Hz, 1H), 7.37 —
7.31 (m, 4H), 7.28 — 7.25 (m, 1H), 6.89 (d, ] = 8.0 Hz, 1H), 6.83 (dd, ] = 8.2, 1.8 Hz, 1H), 6.81 (d, ] =
1.9 Hz, 1H), 5.61 (s, 1H, Ar-OH), 3.89 (s, 3H), 3.85 (d, ] = 5.0 Hz, 2H), 3.56 (t, ] = 9.5 Hz, 1H), 3.51
(t, ] = 9.5 Hz, 1H), 3.31 (td, ] = 9.5, 2.0 Hz, 1H), 2.79 (tt, ] = 9.6, 5.0 Hz, 1H). "C NMR (151 MHz,
CDCly) & 201.3, 146.7, 144.8, 141.7, 133.8, 128.9, 127.1, 127.1, 119.5, 114.6, 109.9, 64.1, 57.7, 56.1,

48.8, 40.3, 40.0. HMRS (ES) calc. for C1oH19O4 [M-H] 311.1283; found 311.1295.
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. oH  4h (1R,2R,38,45)-3-ethyl-2-(4-hydroxyphenyl)-4-phenylcyclobutanecarbaldehyde.
H‘%j\, Yield: 45%, light yellow oil. Chromatography: 0 — 20% EtOAc/hexanes. 'H NMR
© (600 MHz, CDCl5) 6 9.83 (d, ] = 1.4 Hz, 1H), 7.36 — 7.29 (m, 4H), 7.26 — 7.23 (m,
1H), 7.19 (d, ] = 8.5 Hz, 2H), 6.81 (d, ] = 8.6 Hz, 2H), 4.79 (s, 1H, Ar-OH), 3.28 - 3.23 (m, 1H), 3.23
—3.17 (m, 2H), 2.59 — 2.50 (m, 1H), 1.72 - 1.65 (m, 2H), 0.80 (t, ] = 7.5 Hz, 3H). "C NMR (151 MHz,
CDCl) 6 201.5, 154.5, 142.5, 134.8, 128.8, 128.4, 127.2, 126.9, 115.6, 58.5, 49.0, 44.2, 43.9, 28.3, 11.5.

HMRS (ES") calc. for CioH19O, [M-H] 279.1385; found 279.1397.

on 5h  4-((1R,28,35,4R)-2-ethyl-4-(hydroxymethyl)-3-phenylcyclobutyl)phenol.  Yield:
OH

g 95% from 4h, clear coloutless oil. Chromatography: 15 — 30% EtOAc/hexanes [o]p

@ = -3.3 (c 0.77, CHCls, 97% ee). '"H NMR (600 MHz, CDCls) 8 7.36 — 7.29 (m, 4H),
7.25-7.21 (m, 1H), 7.19 (d, ] = 8.4 Hz, 2H), 6.78 (d, | = 8.4 Hz, 2H), 5.00 (s, 1H, Ar-OH), 3.76 (t, |
= 5.3 Hz, 2H), 2.80 (t, ] = 9.3 Hz, 1H), 2.76 (t, ] = 9.3 Hz, 1H), 2.47 (tt, ] = 9.3, 5.3 Hz, 1H), 2.33 (tt,
J=9.3,06.9 Hz, 1H), 1.64 (dq, ] = 6.9, 7.4 Hz, 2H), 1.32 (t, ] = 5.3 Hz, 1H, OH), 0.76 (t, ] = 7.4 Hz,
3H). HMRS (ES) calc. for C1oH210O, [M-H] 281.1542; found 281.1537. HPLC (e.e. determination):
RTmsjor = 5.9 min, RTminer = 8.3 min, OD-H column, iPrOH/Hexane (20:80) as a mobile phase; flow

rate 1.00 ml/min, sample: 0.2 mg / ml dissolved in the mobile phase.

4g Derivatization

OB To avoid the formation of a meso-diol, 4g was first protected as the bis-benzoate

o’

7 prior to reduction. Other derivatives were prepared using rac-4g to explore

applications of these compounds.
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To a solution of 4g (0.020 g, 0.064 mmol, 1.0 eq.) in DCM (0.32 mL) was added benzoyl chloride
(0.020 g, 0.14 mmol, 2.2 eq.), DIPEA (0.1 mL) and 4-(dimethylamino)pyridine (0.0008 g, 0.006 mmol,
0.1 eq). The reaction was stirred at room temperature for 8 hours before quenching with 1.0 mL of
water. The mixture was then extracted with EtOAc (3 x 1 mL), dried over Na,SO, and evaporated to
dryness. The crude resin was then purified using silica gel chromatography (0 — 25% EtOAc/hexanes)

to give 7 as a white solid in 58% yield.

7 ((1S,2R,3R,4S)-2-(4-(benzoyloxy)-3-methoxyphenyl)-3-formyl-4-phenylcyclobutyl)methyl benzoate.
Yield: 58% from 4g, white solid. Chromatography: 0 — 25% EtOAc/hexanes. 'H NMR (600 MHz,
CDCl) 6 9.95 (d, ] = 1.6 Hz, 1H), 8.22 (dd, ] = 8.3, 1.2 Hz, 2H), 7.90 (dd, ] = 8.3, 1.2 Hz, 2H), 7.64
(t, ] = 7.5 Hz, 1H), 7.55 (t, ] = 7.4 Hz, 1H), 7.51 (t, ] = 7.8 Hz, 2H), 7.42 (t, ] = 7.8 Hz, 2H), 7.38 —
7.33 (m, 4H), 7.30 — 7.26 (m, 1H), 7.14 (d, ] = 8.1 Hz, 1H), 6.99 (dd, ] = 8.1, 1.8 Hz, 1H), 6.94 (d, ] =
1.9 Hz, 1H), 4.61 — 4.53 (m, 2H), 3.77 (s, 3H), 3.67 (t, ] = 9.7 Hz, 1H), 3.64 (t, ] = 9.7 Hz, 1H), 3.47
(td, ] = 9.5 1.6 Hz, 1H), 3.09 (tt, ] = 9.5, 5.5 Hz 1H). "C NMR (151 MHz, CDCls) § 200.6, 166.6,
164.9, 151.0, 141.0, 140.2, 139.2, 133.7, 133.3, 130.5, 130.0, 129.8, 129.5, 129.0, 128.7, 128.6, 127.4,
127.1, 123.3, 118.9, 111.6, 66.0, 57.3, 56.1, 45.8, 41.3, 41.1. HMRS (ES") calc. for CsHxsO¢Na

[M+Na]" 543.1784; found 543.1789.
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OH
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To a solution of 7 (0.012 g, 0.023 mmol, 1.0 eq.) in absolute ethanol (0.2 mL) was added NaBH,
(0.0008 g, 0.0023 mmol, 1.0 eq.) at 0 °C. The reaction was allowed to warm to room temperature and
stirred for 20 minutes. The reaction was then quenched with 1 M HCI (1 drop) and 0.3 mL H,O. The
reaction mixture was then extracted with EtOAc (0.3 x 3 mL) and the combined organic layers were
concentrated under a stream of nitrogen. The resulting resin was purified using silica gel

chromatography (0 — 25% EtOAc/hexanes), giving 8 as a colourless oil in 95% yield.

8 ((1S,28,3R 4R)-2-(4-(benzoyloxy)-3-methoxyphenyl)-3- (hydroxymethyl)-4-phenylcyclobutyl) methyl
benzoate. Yield: 94% from 7, coloutless oil. Chromatography: 0 — 25% EtOAc/hexanes. [o]p = 8.3 (c
0.69, CHCls, 99% ee). '"H NMR (600 MHz, CDCls) & 8.22 (dd, ] = 8.3, 1.2 Hz, 2H), 7.88 (dd, ] = 8.3,
1.2 Hz, 2H), 7.65 — 7.62 (m, 1H), 7.56 — 7.50 (m, 3H), 7.40 (t, ] = 7.8 Hz, 2H), 7.38 — 7.33 (m, 4H),
7.26 — 7.23 (m, 1H), 7.12 (d, ] = 8.0 Hz, 1H), 7.02 — 6.98 (m, 2H), 4.57 — 4.51 (m, 2H), 3.87 (d, ] =
4.9 Hz, 2H), 3.77 (s, 3H), 3.26 (t, ] = 9.5 Hz, 1H), 3.24 (t, ] = 9.5 Hz, 1H), 2.88 (tt, ] = 9.4, 5.7 Hz,
1H), 2.74 (tt, | = 9.5, 4.9 Hz, 1H). "C NMR (151 MHz, CDCls) 8 166.7, 165.0, 151.4, 142.4, 141.7,
138.7, 133.6, 133.1, 130.5, 130.2, 129.7, 129.6, 128.8, 128.7, 128.5, 127.3, 126.8, 123.0, 119.2, 111.9,
66.5, 64.3, 56.1, 49.4, 46.6, 42.6, 42.2. HMRS (ES") calc. for C3HauNOg [M+NH,]" 540.2386; found
540.2382. HPLC (e.e. determination): RTmyjor = 6.9 min, RTmio: = 12.6 min, OD-H column,
iPrOH/Hexane (40:60) as a mobile phase; flow rate 1.00 ml/min, sample: 0.25 mg/ml dissolved in

the mobile phase.
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OAc

To a solution of 4g (0.020 g, 0.064 mmol, 1.0 eq.) in DCM (0.32 mL) was added acetyl chloride (0.011
g, 0.14 mmol, 2.2 eq.), DIPEA (0.1 mL) and 4-(dimethylamino)pyridine (0.0008 g, 0.006 mmol, 0.1
eq). The reaction was stirred at room temperature for 2 hours before quenching with 1.0 mL of water.
The mixture was then extracted with EtOAc (3 x 1 mL), dried over Na,SO, and evaporated to dryness.
The crude resin was then purified using silica gel chromatography (0-25% EtOAc/hexanes), giving 9

as a clear colourless oil in 50% yield.

9 ((1S,2R,3R,4S)-2-(4-acetoxy-3-methoxyphenyl)-3-formyl-4-phenylcyclobutyl)methyl acetate. Yield:
50% from 4g, clear coloutless oil. Chromatography: 0 - 25% EtOAc/hexanes. '"H NMR (600 MHz,
CDCls) 8 9.90 (d, J = 1.6 Hz, 1H), 7.36 (t, ] = 7.6 Hz, 2H), 7.30 — 7.26 (m, 3H), 7.01 (d, ] = 8.6 Hz,
1H), 6.89 — 6.87 (m, 2H), 4.33 — 4.27 (m, 2H), 3.84 (s, 3H), 3.53 (t, ] = 9.5 Hz, 1H), 3.50 (t, ] = 9.5
Hz, 1H), 3.36 (td, ] = 9.5, 1.6 Hz, 1H), 2.92 (tt, ] = 9.6, 5.5 Hz, 1H), 2.31 (s, 3H), 1.98 (s, 3H). °C
NMR (151 MHz, CDCl;s) 8 200.6, 171.1, 169.3, 151.3, 140.9, 140.2, 138.8, 129.0, 127.3, 127.0, 123.1,
118.8,111.4, 65.3,57.2, 56.1, 45.4, 41.2, 40.7, 20.9, 20.8. HMRS (ES") calc. for C23H»4OsNa [M+Na]”

419.1471; found 419.1464.
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To a solution of 9 (0.010 g, 0.025 mmol, 1.0 eq.) in MeOH (0.25 mL) was added NaBH, (0.001 g,

10 and 11

0.025 mmol, 1.0 eq.) at 0 °C. The reaction was allowed to warm to room temperature with stirring
over 20 minutes and was then quenched with 1 M HCl and water (0.25 mL). The reaction mixture was
extracted with EtOAc (3 x 0.5 mL), and the combined organic layers were dried over sodium sulphate
and concentrated under a stream of nitrogen to give a coloutless resin in 90% yield. "H NMR of the
resin demonstrated products 10 and 11 in a 5:1 molar ratio, respectively. Major product: 'H NMR (600
MHz, CDCl;) 8 7.35 - 7.29 (m, 4H), 7.25 — 7.22 (m, 1H), 6.99 (d, ] = 8.1 Hz, 1H), 6.93 (d, ] = 1.8 Hz,
1H), 6.90 (dd, ] = 8.2, 1.8 Hz, 1H), 4.31 — 4.24 (m, 2H), 3.84 (s, 3H), 3.82 (t, ] = 5.3 Hz, 2H), 3.10 (t,
J=94,1H), 3.09 (t, ] = 9.4, 1H), 2.72 (tt, ] = 9.5, 5.7 Hz, 1H), 2.64 (tt, ] = 9.5, 5.0 Hz, 1H), 2.31 (s,
3H), 1.95 (s, 3H). To the 5:1 mixture of 10 and 11 (0.008 g, 0.02 mmol, 1.0 eq.) in methanol (0.25 mL)
was added NaBH4 (0.004 g, 0.1 mmol, 5 eq.). The reaction was allowed to stir for 8 hours at room
temperature and was then quenched with 1M HCI and water (0.25 mL). The reaction mixture was
then extracted with EtOAc (3 x 0.5 mL) and the combined organic layers were dried over sodium
sulphate and concentrated under a stream of nitrogen to give 11 as a coloutless oil in 90% yield. NMR

demonstrated the product to be essentially pure, with no further purification required.

11 ((1S,28,3R 4R)-2-(4-hydroxy-3-methoxyphenyl)-3-(hydroxymethyl)-4-phenylcyclobutyl)methyl
acetate. Yield: 90% from 10, clear coloutless oil. "H NMR (600 MHz, CDCl3) 8 7.35 - 7.29 (m, 4H),
7.25 - 7.22 (m, 1H), 6.88 (d, ] = 8.2 Hz, 1H), 6.85 - 6.81 (m, 2H), 5.51 (s, 1H), 4.27 (d, ] = 5.7 Hz,
2H), 3.91 (s, 3H), 3.82 (d, ] = 5.1 Hz, 1H), 3.06 (t, ] = 9.4 Hz, 1H), 3.01 (t, ] = 9.4 Hz, 1H), 2.68 (tt, |

= 9.4,5.7 Hz, 1H), 2.61 (tt, ] = 9.4, 5.1 Hz, 1H), 1.94 (s, 3H). *C NMR (151 MHz, CDCL) & 171.2,

157



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

146.6, 144.5, 142.6, 134.6, 128.7, 127.2, 126.7, 119.7, 114.5, 109.9, 66.0, 64.6, 56.1, 49.5, 46.5, 42.5,

42.3,21.0. HMRS (ES") calc. for CxH2sNOs [M+NH.]" 374.1967; found 374.1967.

To a solution of (2-ethoxy-2-oxoethyl)triisobutylphosphonium bromide (0.046 g, 0.013 mmol, 3.0 eq.)
in THF (0.3 mL) was added potassium fe#-butoxide (0.014 g, 0.013 mmol, 3.0 eq.) at room
temperature. The mixture was allowed to stir for 20 minutes and was then cooled to 0 °C prior to the
addition of 4g (0.013 g, 0.042 mmol, 1.0 eq.) in THF (0.15 mL). The mixture was allowed to warm to
room temperature and stirred for 1 hour. Then, the reaction was quenched with 0.2 mL saturated
NH.Cl and 0.2 mLL H,O and extracted with diethyl ether (3 x 0.5 mL). The combined ether layers were
dried over MgSO, and concentrated to give a light-yellow resin that was purified using silica gel

chromatography (1:99 MeOH:DCM) to give the desired product in 75% yield.

12 (E)-ethyl 3-((1R,2S,3S 4R)-2-(4-hydroxy-3-methoxyphenyl)-3- (hydroxymethyl)-4-
phenyleyclobutylacrylate. 'H NMR (600 MHz, CDCly) § 7.34 (t, ] = 7.5 Hz, 2H), 7.29 (d, ] = 7.2 Hz,
2H), 7.24 (t, ] = 7.3 Hz, 1H), 7.13 (dd, ] = 15.6, 7.2 Hz, 1H), 6.88 (d, ] = 8.1 Hz, 1H), 6.81 (dd, ] =
8.1, 1.8 Hz, 1H), 6.78 (d, ] = 1.9 Hz, 1H), 5.84 (dd, = 15.6, 1.2 Hz, 1H), 5.53 (s, 1H), 4.17 (q, ] = 7.1
Hz, 2H), 3.89 (s, 3H), 3.84 (d, ] = 5.0 Hz, 2H), 3.20 (¢, ] = 9.4 Hz, 1H), 3.14 (¢, ] = 9.4 Hz, 1H), 3.09
~3.03 (m, 1H), 2.68 (tt, ] = 9.6, 5.0 Hz, 1H), 1.27 (t, ] = 7.1 Hz, 3H). ®C NMR (151 MHz, CDCl3) &
166.7, 149.2, 146.7, 144.7, 142.1, 134.0, 128.8, 127.0, 126.9, 121.4, 119.7, 114.6, 109.8, 64.3, 60.5, 56.1,

50.1, 49.5, 45.3, 44.8, 14.4. HMRS (ES") calc. for C;3H2OsNa [M+Na]* 405.1678; found 405.1679.
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Determination of Absolute Stereochemistry of Cyclobutane Derivatives

To a solution of 4c (0.0180 g, 0.048 mmol, 1.0 eq.) in MeOH (0.25 mL) was added semicarbazide

hydrochloride (0.0059 g, 0.053 mmol, 1.1 eq.) and sodium acetate (0.0043 g, 0.053 mmol, 1.1 eq). The

solution was stirred at room temperature for 30 minutes. Then, water was added (0.5 mL), immediately

resulting in the formation of a white precipitate. The mixture was centrifuged briefly and the

supernatant was discarded. The precipitate was washed again with water (0.3 mL x 2), giving a white

solid in 90% yield. The white solid was then slowly recrystallized from hot EtOH (95%) giving clear

coloutless crystals of the desired semicarbazone adduct 6. X-Ray crystallographic analysis was used to

determine the absolute stereochemistry of the cyclobutane product, and significant hydrogen bonding

to ethanol was also observed in the crystal structure.

Table S1. Crystal data and structure refinement for 6.

Identification code an3_final a
Empirical formula C22 H28 Br N3 O4
Formula weight 478.38
Temperature 173(2) K
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Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

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

1.54178 A
Monoclinic

P2,
a=10.2716(2) A
b =8.4623(2) A
c =13.4925(3) A
1141.22(4) A3

2
1.392 Mg/m?3

2.722 mm-1

496

0.465 x 0.145 x 0.038 mm?3

3.360 to 72.548°.

a= 90°.
B=103.3230(10)°.

v = 90°.

12<=h<=12, 9<=k<=9, -16<=1<=16

12874

3916 [R(int) = 0.0289]
99.1 %

Numerical

0.8427 and 0.4344

Full-matrix least-squares on P2

3916 / 1/ 286

1.057

R1 = 0.0256, wR2 = 0.0689
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R indices (all data) R1 =0.0261, wR2 = 0.0698
Absolute structure parameter 0.019(7)

Extinction coefficient n/a

Largest diff. peak and hole 0.462 and -0.256 e.A-3
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5 Amaryllidaceae Alkaloid Total Synthesis and Biological Activity

5.1 Anti-cancer and anti-viral activity of the Amaryllidaceae alkaloids

The Amaryllidaceae are a cosmopolitan family of flowering plants that typically grow from
underground bulbs, encompassing approximately 75 genera and 1100 species, and they produce a
diverse array of alkaloid natural products.”™ The first reported Amaryllidaceae alkaloid was lycorine,
isolated from N. psendonarcissus by Gerrard in 1877.° Since then, over 500 different alkaloids have been
reported, covering 11 major structural classes (Figure 5.1)." These natural products display a wide
range of promising biological activities including antidiabetic, antiviral, anticancer, anti-inflammatory,
antioxidant, and cholinesterase inhibiting activities. These activities have prompted many total
syntheses and the exploration of synthetic derivatives by medicinal chemists. The potential of the
Amaryllidaceae alkaloids as chemotherapeutics is well demonstrated by galanthamine, currently

approved for the treatment of moderate memory impairment in Alzheimer’s disease and dementia.’

OMe OH
o)
<O OH
- A\ OH o NH,
Seiie eX; P
—N
N € —N
- OMe HO N o N OMe _ 0._0
Belladine Cherylline Crinine Galanthamine Galanthindole Ismine
Type Type Type Type Type Type
OH
OH M
OMe ‘
\ <0 OH
oo LR
o ZN H OH O o)
Lycorenine Lycorine Montanine Narciclasine Tazettine
Type Type Type Type Type

FIGURE 5.1 The major Amaryllidaceae alkaloid classes (generic skeletons shown in bold) and their
eponymous natural products.
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numbering 1

FIGURE 5.2 Amaryllidaceae alkaloids based on the narciclasine phenanthridone core.

The McNulty group and collaborators have dedicated a substantial amount of work exploring
the biological activity and synthesis of the Amaryllidaceae alkaloids, with an emphasis on the

7,8,17-25,9-16

narciclasine class which features a phenanthridone core (Figure 5.2). Pancratistatin and

narciclasine are the most well-known members of this class and are known to reduce cancer cell

proliferation by various mechanisms.”

Narciclasine targets the 60S subunit of ribosomes and hence
protein biosynthesis, as well as GTPase elongation factors eEF1A and RhoA which impairs
cytoskeleton organization.” >’ Unfortunately, it also inhibits human cytochrome P450 3A4, and has
demonstrated limited efficacy in mouse tumour models of cancer.””*”’ Pancratistatin selectively
induces apoptosis in cancer cells and is known to target complex II and III of the mitochondria and
has proven efficacious in mouse models using human tissue xenografts for several different

0
cancers.)’“”%’

" Substantial synthetic efforts have led to the refinement and discovery of the minimum
pancratistatin pharmacophore, proving the C2, C3, and C4 hydroxyls as well as the #ans B/C ring
junction to be critical.'” This pharmacophore is well represented by #rans-dihydrolycoricidine and #ans-
dihydronarciclasine 1. Elimination of the C ring double bond reduces the ability of these compounds
to inhibit CYP450 3A4, thus increasing their potential as human chemotherapeutics.’

Amaryllidaceae alkaloids from the narciclasine class were reported by Gabrielsen ez 2/ in 1992

to possess potent activity against several flaviviruses including Japanese encephalitis, yellow fever and

dengue viruses 2 vitro.”! However, further research into this antiviral activity was limited, possibly due
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to a strong focus on their anticancer effects. The McNulty group’s collaboration with the Stanley
Medical Research Institute prompted the exploration of the anti-HSV-1 activity of these compounds.
To that end, an organocatalytic total synthesis of frans-dihydrolycoricidine was completed, and the
compound proved to be more effective than acyclovir in reducing HSV-1 replication in iPSC
neurons.”” Not only did it inhibit the lytic infection, it significantly reduced reactivation of latent
HSV-1 infections, and proved even more effective against the lytic phase of the closely related varicella
zoster virus. Additional work has shown that #ans-dihydrolycoricidine is effective in acyclovir resistant
strains of HSV-1 and completely inhibits viral gene transcription.™

In Gabrielsen ef a/’s initial report, #rans-dihydronarciclasine 1 consistently demonstrated the
most potent anti-flaviviral activity compared to the other Amaryllidaceae alkaloids tested.” Given the
promising anti-HSV results obtained with #ans-dihydrolycoricidine, the McNulty group and their
collaborators at the SMRI were eager to test 1 against other flaviviruses. Unfortunately, 1 has a very
low natural abundance making isolation from plant material impractical.” Although semi-synthesis via
hydrogenation of narciclasine is known, facial selectivity in the hydrogenation can be poor; cis-
dihydronarciclasine is substantially less potent as an antiviral and very difficult to separate from the
desired #ans-dihydronarciclasine.”® This left total synthesis as the best method for obtaining 1.

Several racemic and asymmetric total syntheses of 1 have been reported and are reviewed
below (Chapters 5.2 and 5.3). Although meritorious efforts, most of the syntheses are quite lengthy
and low yielding. Thus, a total synthesis of 1 based on the same strategy used by the McNulty group
to prepare frans-dihydrolycoricidine was developed and is the subject of Chapter 5.4. While ultimately
successful, substantial work was necessary to overcome problems with a late stage-oxidation, discussed

in more detail in Chapter 5.5.
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5.2 Racemic total syntheses of trans-dihydronarciclasine

The first total synthesis of #runs-dihydronarciclasine was reported by the Cho group in 2007.”" Their
synthesis begins with the thermal Diels-Alder reaction between 3,5-dibromopyrone and an electron-
rich styrene, produced by the Wittig methylenation of 5-methoxypiperonal (Scheme 5.1).” Previous
work by Cho had demonstrated that dibromopyrones are highly exdo selective participants in Diels-
Alder reactions.” This fact was well-demonstrated in the first step of their synthesis, which gave the
desired cycloadduct in effectively quantitative yield and 98:2 endo:exo ratio. Subsequent debromination
and acid catalyzed methanolysis of this cycloadduct gives the carbon skeleton of ()-1 in only three
steps. Alkene syz-hydroxylation on the less hindered face was achieved using catalytic osmium
tetroxide and 4-methylmorpholine-N-oxide (NMO), mild conditions that have been successfully used
in the syntheses of several other Amaryllidaceae alkaloids.**

Having successfully installed all three alcohol groups in the correct relative stereochemistry,

the methyl ester was cleaved with lithium hydroxide. Treatment with diphenylphosphoryl azide and

triethylamine in refluxing toluene causes a Curtius rearrangement, and the isocyanate intermediate was

BU3an
PhMe AIBN \Lﬁo 3) TsOH
7 Ar -
80 °C o benzene MeOH
reflux O O0°-RT

99% (98:2 endo.exo) 98%

I
/P\

OH PhO" 1 "OPh
N3

4) OsOq4
NMO 7) Ac,O, DMAP
6) EtsN, PhMe 220
THF, RT OH )reﬂf;x then pyridine
— > / — >
5) LiOH OH  NaOMe/MeOH DCM, RT
THF:H,O J¥e) reflux
90% (2 steps) 78% 90%

SCHEME 5.1 Cho ¢t al.’s synthesis of (+)-11is based on a high yielding and highly exdo-selective Diels-
Alder reaction, providing the basic carbon skeleton of 1in three steps.
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OAc OH
OAc ~ OAc ~ OH
0 9) BBr;, DCM 0
OAc 8) Tf,0, DMAP % T OAc  _78°CtoRT % T OH
0 ° NH ? NH
~ DCM, 0 °C 0 10) NaOMe 0
MeOH, RT
0 © eon, OH O
81% (3:1 regioisomeric ratio) 40%

17.7% overall

SCHEME 5.2 Cho ¢7 al’s total synthesis of ()-1 was completed using a Banwell modified Bischler-
Napieralski reaction followed by global deprotection.

trapped with sodium methoxide to form a methoxycarbamate at C4a.” Peracetylation of the hydroxy
groups was performed prior to the construction of the B ring, which was accomplished by a Banwell
modified Bischler-Napieralski (BBN) reaction (Scheme 5.2).* The synthesis was completed by
deprotecting the phenol with boron tribromide and basic cleavage of the acetate protecting groups,
giving (¥)-1in 15.8% yield over ten steps from the starting styrene. Most of the steps in the synthesis
are very high yielding, except for the BBN reaction which gives a mixture of regioisomers and the
phenol deprotection. Nevertheless, the last three steps of the synthesis, namely the BBN followed
demethylation and basic ester cleavage, appear in many other total syntheses of 1.

Shortly after their first total synthesis, the Cho group published a total synthesis of (£)-1
designed to eliminate the need for the BBN reaction, which gave an inseparable mixture of
regioisomers and was one of the lowest yielding steps in their synthesis.” Their overall strategy was

similar, but used a carboxylate substituted styrene in the initial Diels-Alder reaction (Scheme 5.3).

See
1) PhMe Scheme 5.1
; CO,Me ¢/ 80 °C j@\é& j:j((;EMe
2 Me

MeO,C
80%

|||O

-0 73% (3 steps)

SCHEME 5.3 Cho ¢7 al’s second synthesis (£)-1 used a carboxylate substituted styrene.
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SCHEME 5.4 Cho ef al’s second synthesis of (+)-1 prepared the B ring via the conversion of the
C4a carboxylate to an amine, resulting in spontaneous intramolecular amide formation.

|
(®)
\
©]
z
T
N
©]
%o
T I
o
I
o
I

The Diels-Alder adduct was carried through the previously described steps to give a triol with methyl
esters substituted at C4a and Coa. Selective cleavage of the methyl ester at 4a was performed, enabling
a Curtius rearrangement with diphenylphosphoryl azide to generate an isocyanate intermediate, as
reported in their first synthesis (Scheme 5.4).” However, instead of treating the isocyanate with
methanolic sodium methoxide, it was hydrolyzed to a free amine which spontaneously reacted with
the C6a methyl ester, forming the B ring in two steps and 70% yield. After demethylation using boron
tribromide, (*)-1 was obtained in only 8 steps and 21% overall yield, without requiring the installation
of protecting groups. However, it should be noted that the dienophile styrene used in the Diels-Alder

reaction took seven steps to prepare from readily available starting materials, thus hindering the overall
efficiency of the synthesis.

The most recent racemic total synthesis of 1 was reported by the Kadas group in 2016 and

begins with the Michael addition of nitromethane to the phenylbutenone derived from
methoxypiperonal (Scheme 5.5).* A tandem Claisen Henry reaction onto ethyl formate formed the C

ring of 11in 19.5% yield from methoxypiperonal. Protection of the ketone, followed by hydrogenation
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SCHEME 5.5 The total synthesis of (£)-1 by the Kadas group used a Michael reaction of
nitromethane onto a butenone derivative, followed by a tandem Claisen Henry reaction on ethyl
formate to construct the C ring.

of the C4a nitro group and treatment with methyl chloroformate gave the MOC protected amine in
88% yield over three steps. Simultaneous elimination of the C4 hydroxyl and deprotection of the C2
carbonyl was achieved with total regioselectivity and in 99% yield by refluxing with PTSA in acetone.
Hydride reduction of the carbonyl gave the wrong relative stereochemistry, necessitating an inversion
via Mitsunobu esterification with benzoic acid.*” Oxidation with osmium tetroxide followed by
acetylation and a BBN reaction are all reported to proceed in quantitative yield (Scheme 5.6).
Interestingly, the BBN was reported to produce a methoxyphenanthridine product with total
regioselectivity, even though poor regioselectivity is a well known issue in other total syntheses of
related Amaryllidaceae alkaloids.””*"***>! Phenanthridines are known products of the BBN reaction
but hydrolysis during workup is often unavoidable and the amide product is far more common. The

reasons for this unusual result cannot be determined as no experimental details were provided.
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SCHEME 5.6 The Kadas group’s total synthesis of (*)-1 was completed after a number of
remarkably high yielding transformations.

Demethylation using TMSCI and potassium iodide, followed by basic ester hydrolysis afforded
(1)-1 in 4.7% overall yield. A series of exceptionally high yielding steps, including an entirely
regioselective BBN reaction, are inconsistent with the literature yields of similar reactions on closely
related substrates. As well, inspection of the "C NMR data suggests that noise was assigned and
reported as peaks in more than one instance. These facts, combined with the lack of a provided
experimental procedure, raise substantial concerns about the reproducibility of the synthesis, especially
for the steps following the formation of the C ring. Even so, this synthesis required more steps and

was also lower yielding than the previously discussed syntheses of (*)-1.
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5.3 Asymmetric syntheses of trans-dihydronarciclasine

Prior to the work by the McNulty group, there were three asymmetric total syntheses of (+)-
1 reported in the literature, and a synthesis of (-)-1 appeared shortly thereafter. The first total synthesis
of (+)-1 was completed by Jana and Studer in 2008 and begins with the preparation of a bromoanisole
derivative in three steps from o-vanillin (Scheme 5.7)."”" Br-Li exchange and transmetalation with
copper enabled a cross coupling with an iron-complexed cyclohexadienyl cation to prepare a racemic
cyclohexadiene after oxidative decomplexation with ceric ammonium nitrate.”” This effectively
builds the carbon backbone of both A and C rings in 85% yield over two steps. Next, a copper
catalyzed regiodivergent Diels-Alder reaction between the diene and 2-nitrosopyridine was performed
using Walphos as a chiral ligand.” Previously reported by their group, this reaction converts each
enantiomer of a racemic diene into separable regioisomeric cycloadducts.” Although capable of high
enantioselectivity, a limitation of the reaction is that it cannot produce the desired product in more
than 50% yield. N-O bond cleavage using molybdenum hexacarbonyl and sodium borohydride

prepares the C ring with correct stereochemistry for the substituents at C2 and C4a.
Fe(CO)3
BF,
-0 OH /0 4) nBuLi, CuCN 0]
HO 1) Bra, AcOH HO 3) CHaBry, K;CO3 THF, -78 °C < O
2) NaOH, H,0, DMF, 80 °C 5) Ce(NH4)2(NO3)e °
~ ~
Br @) Br

o] H20 0 acetone, 0 °C O
CFs 73% (3 steps) 85% (2 steps)

PPhy Q

Py

& 'CHa Py @ 0
7) Mo(CO)g <

6)CuPF6(MeCN) Walphos (10%) _ NaBH4

X
o MeOH/H,0 P
@ 48% (99% ee) 51% (92% ee)
DCM, -78 °C

SCHEME 5.7 Jana and Studet’s total synthesis of (+)-1 had an enantioselective regiodivergent Diels-
Alder reaction as the key asymmetry inducing step.
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OTBS
OTBS
8) K,0s0,(OH), 10) MeMgCl,
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. 9) TBSCI, imidazole g HN._~. 11)MeOTf, DCM
DMF, 75 °C | 12) NaOH, MeOH
_ 0 N~ H,0, 50 °C
7% 88% (3 steps)
OH
OH
15) TF,0, DMAP o
13) TBAF, THF DCM 7 "OH
o) 1BAR, T . oem H
14) Ac,0, Py 16) BBrs, DCM 0 NH
17) NaOMe/MeOH OH O
95% (2 steps) 33% (3 steps)

5.6% overall

SCHEME 5.8 Jana and Studer’s total synthesis of (+)-1 employed a sy# dihydroxylation, followed by
several protecting group manipulations and was completed using the common strategy of BBN
reaction followed by demethylation and ester cleavage.

Installation of the C3 and C4 hydroxyl groups was accomplished by facially selective sy
dihydroxylation with potassium osmate (Scheme 5.8). Global TBS protection of the alcohol groups
followed by formation of a MOC carbamate on the C4a nitrogen allowed for sequential methylation
and basic hydrolysis of the pyridine ring. Exchange of the TBS protecting groups for acetate esters
was performed prior to the BBN reaction, and completion of the synthesis was achieved after phenol
demethylation and acetate cleavage. Although remarkable for being the first total synthesis of (+)-1
and highlighting a novel and highly stereoselective Diels-Alder reaction, the synthesis suffers from late
stage protecting group manipulations and uses costly ligands and transition metal complexes. Overall,
the synthesis was completed in 5.6% yield over 17 linear steps.

The next total syntheses of (+)-1 were both completed in 2012, with Hwang e/ a/’s work
preceding the Tomioka group’s by mere months. In the Hwang synthesis, asymmetry is instilled by
using a chiral vinyl stannane in a Stille cross coupling on the same bromoanisole derivative used in

Jana and Studer’s total synthesis (Scheme 5.9).** The stannane can be prepared in large quantities
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0
5) Pd(OAQ),,
4)TMSCHN, O ~COMe “heio, B 0 _CO;Me g) (BUOK, THF O
o NHBoc N
MeOH,0°C O ACNH;0 o NHBoc 2y csa BnoH O
0 P PhMe, 80 °C
93% (2 steps) 82%

75% (2 steps)

SCHEME 5.9 Hwang et al’s total synthesis of (+)-1 instilled asymmetry via the use of a chiral
vinylstannane in an initial Stille cross coupling and prepared the C ring backbone of (+)-1 in six steps.

in two steps by the palladium catalyzed hydrostannylation of butyne-3-ol followed by chiral enzymatic

56

resolution.” After the Stille cross coupling, the allylic alcohol was coupled with N-BOC-glycine. Next,
an ester-enolate Claisen rearrangement was performed by treating this amino acid ester with LiHMDS
in the presence of TBS-Cl, and total diastereoselectivity was enforced by the equatorial position of the
BOC group in the transition state.”” Methylation using TMS-azidomethane, followed by a
regioselective Wacker oxidation with perchloric acid and benzoquinone (BQ) enabled an
intramolecular Claisen reaction to form the C ring of (+)-1.%

A series of manipulations were performed to functionalize the C ring, starting with the
formation of an electron rich benzyl enol ether and stereospecific hydride reduction at C4 (Scheme
5.10). Epoxide formation and opening to install the C3 and C4 #uans hydroxyl groups proved
challenging and was unsuccessful using 7»-CPBA in DCM or vanadium acetylacetonate with #
butylhydroperoxide. Carefully buffered 7-CPBA in methanol allowed tandem epoxide formation and

methanolysis. Hydrogenative removal of the benzyl ether unmasked the C2 carbonyl which was

reduced using L-selectride as a bulky hydride source.
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OBn MeO, OBn OH
OH 10) PaiC, H, OH
8) Red-Al THF, 0 °C MeOH
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OH O

49% (3 steps)
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SCHEME 5.10 Hwang ez al.’s synthesis of (+)-1 required a series of reactions to prepare the C ring
hydroxyl groups and then formed the B ring using a BBN reaction.

The completion of the synthesis was achieved using the same essential steps used in most
other total syntheses of 1, namely protection of the C ring alcohols, formation of the B ring via BBN
reaction, removal of the phenolic methyl ether and cleavage of the acetate esters. Thus, the synthesis
was completed in 15 linear steps and 16% overall yield from the Stille cross coupling. However, the
yield would be less if the preparation of the starting bromoanisole derivative is considered. Even so,
this remains the highest yielding total synthesis of (+)-1 reported to-date.

Shortly after Hwang e a/’s total synthesis, the Tomioka group published a synthesis based on
the asymmetric Michael addition of an aryl organolithium to an a,B-unsaturated ester using a C2-
symmetric chiral ligand (Scheme 5.11).°" Similar asymmetric conjugate additions have been extensively

62-66

explored by the Tomioka group.”® The product of the conjugate addition was obtained in good yield
and enantioselectivity but has the wrong stereochemistry at C2. This was remedied by basic
epimerization using potassium #butoxide in a refluxing dioxane water mixture, conditions that also

caused hydrolysis of the #butyl ester. A Curtius rearrangement with diphenylphosphoryl azide was

used to generate an isocyanate intermediate, which was then treated with TMSCI and #butanol to
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SCHEME 5.11 The synthesis of (+)-1 by the Tomioka group used a chiral ligand to promote the
asymmetric Michael addition of an aryllithium to an unsaturated ester. The carbon skeleton of both B
and C rings was constructed within the first four steps, and the remainder of the synthesis focuses on
the oxidative installation of the C ring hydroxyl groups and the B ring carbonyl.

obtain a BOC protected amine. Interestingly, the acidic conditions generated by the zz situ hydrolysis
of TMSCI also resulted in the protonolysis of the tritylated benzyl alcohol, generating a stable

carbocation that was trapped by the contemporaneously installed amine. This fortuitous result allowed

for the construction of the phenanthridone carbon skeleton in 51% yield over four steps.
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Although the B and C rings were prepared in only four steps, another 14 steps were required
to complete the synthesis (Scheme 5.11). Acetal cleavage at C3 using acetic acid, followed by a
regioselective oxidation « to the carbonyl with PhI(OAc), was used to install the C2 hydroxyl, albeit
with the wrong stereochemistry. This intermediate was then protected as a TBS ether and the C3
carbonyl was converted to a vinyl triflate with Comin’s reagent prior to hydrogenolysis with palladium
using formic acid as the hydrogen source.”” Deprotection of the C2 hydroxyl was followed by its
inversion via Mitsunobu reaction with 4-nitrobenzoic acid. Sy» dihydroxylation of the alkene and
subsequent acetate protection yields a fully functionalized C ring.

Completion of the B ring was achieved by sequential oxidation of Co0, first to the imine after
BOC deprotection and then to the required amide. Ester cleavage and phenol demethylation complete
the synthesis, for an overall yield of 3.3% over 18 linear steps. Although not discussed, the exact order
and choice of oxidants required careful optimization to avoid oxidative decomposition of the electron
rich A ring. This fact also necessitated multiple protecting group manipulations, making this the
lengthiest synthesis of (+)-1 even without considering the steps required to prepare the starting
materials. Overall, the synthesis highlights a novel way to quickly access the phenanthridone skeleton
but is less suitable for the synthesis of (+)-1 in appreciable quantities.

After the synthesis of (+)-1 by the McNulty group (vide infra, Chapter 5.4) a synthesis of (-)-1
was published by the Kadas group using essentially the same synthetic strategy as reported in their
racemic synthesis.”” The main difference takes place in the initial Michael addition of nitromethane to
the butanone derivative (Scheme 5.12), where use of a chiral cinchona derived primary amine catalyst
allows the reaction to be performed under much milder conditions and with substantial
enantioselectivity.” Unfortunately, many of the same issues associated with their racemic synthesis
reappear in the asymmetric synthesis. As well as exceptionally high yields in the latter half of the

synthesis, the spectra in the supporting information are direct copies from the racemic synthesis and
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SCHEME 5.12 The Kadas group reported the total synthesis of (-)-1 using an almost identical strategy
as reported for their synthesis of the racemic natural product.

noise is reported as desired peaks.**® Furthermore, the reported e.e. varies throughout the synthesis
for non-obvious and unexplained reasons, dropping from 99% e.c. in several intermediates to 92% e.e
in the final product. Despite these issues, their report technically constitutes the first total synthesis of
(-)-1, although it is worth noting that simply using the antipode of the catalyst used in the McNulty
group’s synthesis (vide infra) would readily and reproducibly provide the non-natural enantiomer of

trans-dihydronarciclasine.
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Given the promising biological activity of (+)-1 and other Amaryllidaceae alkaloids, the
McNulty group was interested in exploring its anti-viral activity with their collaborators at the SMRI.
Although there are several asymmetric total syntheses for 1, they are either too lengthy or expensive
to be viable sources of 1 in quantities necessary for biological testing. Thus, a total synthesis of
compound 1 based on the organocatalytic methodology used by the McNulty group for the
preparation of #rans-dihydrolycoricidine was pursued.” These efforts and the potent anti-Zika activity
of 1 were published in ChemistrySelect, 2016, 1, 5895-5899, which is reproduced in Chapter 5.4 with
permission. Figures and schemes were modified to be in sequence with the rest of the chapter. The
synthesis was completed collaboratively by the author of this thesis and Dr.s Omkar Revu and Carlos

Zepeda-Velazquez; anti-Zika assays were performed by Dr. Lorraine Jones-Brando.
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5.4 Total Synthesis of the Natural Product (+)-trans-Dihydronarciclasine via an
Asymmetric Organocatalytic [3+3]-Cycloaddition and discovery of its potent
anti-Zika Virus (ZIKV) Activity

Amaryllidaceae plants'™ continue to be a valuable source of compounds that exhibit potent
anticancer, antiviral and other biological properties. As a class, the compounds feature complex,
densely functionalized and synthetically challenging!” aminocyclitol cores.! The narciclasine sub-
class!"! of the Amaryllidaceae alkaloids (Figure 5.3), exemplified by #uns-dihydronatciclasine 1, #rans-
dihydrolycoricidine 2, narciclasine 3, the 7-deoxy analogue (lycoricidine) 4, pancratistatin 5 and 7-
deoxy analogue 6 have attracted particular interest due to their anticancer and antiviral activity.?

The antiviral activity of specific lycorane-type compounds against both RNAPY and DNA viral
pathogens™ has been previously described. In particular, the antiviral activity demonstrated against
flaviviruses such as Japanese encephalitis, yellow fever and Dengue™ is of prime importance given
the recent outbreak of the genetically related Zika flavivirus (ZIKV).

While very few structure-activity antiviral studies have been performed with synthetic lycorane
derivatives,” Gabrielsen and co-workers demonstrated that natural (+)-#rans-dihydronarciclasine 1 was
the most effective anti-flaviviral analogue exhibiting ICsy values of <0.003 - 0.015 mg/mI.."" The

specificity of the lycorane antiviral pharmacophore was also of considerable note among 23 alkaloids

OH

HO_~_OH
- “OH
NH

R O 5Rr-oH
6:R=H

FIGURE 5.3. Structure of the anti-flaviviral natural product trans-dihydronarciclasine 1 and related
natural derivatives 2—6.
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investigated. Slight modifications to 1 such as incorporation of a cis-fused B/C-ring junction, or
presence of deoxy or epimeric alcohols in the cyclohexane portion, resulted in compounds with
significantly reduced, or no antiviral activity." To our knowledge, no antiviral activity of the lycorane
sub-class of Amaryllidaceae alkaloids has been reported to date with regards to ZIKV. The efficacy of
1 towards these other flaviviruses, as well as the need for new therapeutics and discovery of biological
targets specific to ZIKV led us to hypothesize compound 1 as a high-value candidate for the discovery
of a lead inhibitor of ZIKV infection.

Natural (+)-#rans-dihydronarciclasine 1 has been the subject of three prior asymmetric

Ga—c]|

syntheses,! three racemic syntheses,™ and the compound has also been the subject of
semisynthesis via selective hydrogenation of narciclasine 3.P* ! We were inspired by recent
enantioselective organocatalytic approaches toward six member carbocycles™ to develop a stepwise
[3+3]-type Michael-aldol sequence,”# involving an a-nitrogen-substituted acetone moiety reacting
with an unsaturated aldehyde, as a rapid entry to the Amaryllidaceae core. Such an approach proved
successful in our recent synthesis of alkaloid 2, which provided access to the natural product and
structural analogues that permitted investigation of the antiviral activity against herpes viruses.”

A retrosynthetic analysis of trans-dihydronarciclasine is outlined in Scheme 5.13. We expected
that compound 1 would be derived from the methoxycarbonyl-substituted protected amino-triol A,
which would be produced from the cyclohexene B via epoxidation and 2,3-diaxial diol formation. The
critical synthesis of the cyclohexane C would hinge upon the organocatalytic regiocontrolled syn-
stereoselective Michael-aldol addition of azidoacetone onto the cinnamaldehyde derivative D,
prepared from commercially available 5-methoxypiperonal. In this communication we report a

successful asymmetric synthesis of compound 1 following this route and the discovery of its potent

anti-ZIKV activity.
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SCHEME 5.13. Retrosynthetic analysis of (+)-trans-dihydronarciclasine. BBN=Banwell modified
Bischler-Napieralski reaction, PG=protecting group.

Commercially available 5-methoxypiperonal was subject to a two-carbon aldehyde to alkenal
homologation using a diethylacetal-functionalized Wittig reagent” yielding the cinnamaldehyde
derivative 7 in 82% yield (Scheme 5.14). The crucial iminium ion-mediated [3+3]-Michael-aldol
sequence™ ' of 7 with azidoacetone 8 proved highly effective using the Jorgensen (R)-
diphenylsilaprolinol secondary amine catalyst in combination with the tertiary amine quinidine,
providing the cycloadduct 9 in 58% isolated yield and >99% enantiomeric excess (e.c.). The mirror-
image reaction employing (§)-diphenylsilaprolinol in the presence of quinidine gave ent9 also in 99%
e.e. The enantiomers of 9 were cleanly baseline resolved using chiral HPLC on a AS-RH column (see
supporting information). Hydrogenation of the azido functional group of 9 in the presence of
dimethyldicarbonate gave the Moc-protected cyclohexanone 10 in 74% overall yield from 9.
Dehydration of 10 gave the enone 11, the carbonyl of which was subsequently reduced to the equatorial

alcohol 12 in 82% yield using lithium tri-zer~butoxyaluminium hydride.
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OMe Ph OMe >99% e.e.
7 82% N OTMS >20:1 d.r.
H 9 58%
OH

C 0] d
— > { 70 —
o) NHMoc
OMe
OMe 10 74% 11 88%
see Table |

—><
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SCHEME 5.14. a) tripropyl (2,2-diethoxyethyl)-phosphonium bromide, NaH, THF, 82%; b) (K)-o,a-
diphenyl-2-pyrrolidinemethanol trimethylsilyl ether, quinidine, CH.Cl,, rt, 48 h, 58%, >99% ec.c.,
>20:1 dr.; ¢) Hz, 10% Pd/C, dimethyl dicarbonate, MeOH, rt, 10 h, 74%; d) DIPEA, MsCl, CH,Cl,,
3 h, 88%; e) Li(tBuO);AlH, THF, 0 °C to rt, 1 h, 82%.

Cyclohexene epoxidation followed by base mediated ring opening is a standard synthetic
protocol in accessing 1,2-diaxial cyclohexanediols and the process has been employed in various
circumstances towards the synthesis of lycorane derivatives, including the 2,3-diol subunit.”™ > *
Epoxidation of the highly electron-rich methoxy-methylenedioxyaryl-substituted cyclohexene 12
proved to be extremely challenging. The reaction proceeded very slowly under standard conditions*!
using 7-CPBA in dichloromethane, or in carefully buffered medial" (Table 5.1, entries 1 and 2). The
B-epoxide was obtained in a maximum yield of 5 %, contrasting sharply to the analogous reaction on

the cyclohexene lacking the allylic hydroxyl (ring-c) and aryl methoxy substituents (93% isolated

yield).”™ When more forcing conditions were applied, a2 major side product and several minor side
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TABLE 5.1. Epoxidation attempts of cyclohexene derivative 12. *isolated product, "No Reaction.

m-CPBA=meta-chloroperoxybenzoic acid.

Entry Conditions Yield 134
1 m-CPBA (1.5 eq.), NaHCOj3 (2.0 eq.), CH2Clp, -20 °C to rt, 12 h <5%
2 m-CPBA (2.0 eq.), Na;HPOy (3.0 eq.), CH2Clp, 1t, 12 h NR®
3 PhI(OAc): (1 eq.), LiBr (20 mol%), AcOH, 95%, 16 h Decomposition
4 Oxone (3.0 eq.), KoCOs (13.3 eq.), BusNHSO4 (4 mol%o), <50,
Acetone (30 eq.) CH3CN:CH2(OMe) (2:1), EDTA, 12 h ‘
5 VO(acac)z (5 mol%), BuOOH (4.0 eq.), benzene, 4 h 40% of 11 was isolated
6 Ti(OPr)4 (1.0 eq.), BuOOH (2.0 eq.), DIPT (1.0 eq.), CH2Cl,, -20 °C 5% of 11 was isolated
tort,5h
7 m-CPBA (2.0 eq.), NaHCOs; (3.0 eq.), nitrobenzene (1:1), rt,24 h 15%
38%

8 m-CPBA (2.0 eq.), NaHCOs3 (3.0 eq.), benzene-dioxane (1:1), rt, 24 h

55% (brsm)

products were observed to form along with the desired epoxide. The epoxidation of cyclohexene 12

was investigated using a range of alternative reagents, a selection of which is shown in Table 5.1.

Attempted epoxidation via bromohydrin intermediates (entry 3),"! oxone under Shi-type epoxidation

conditions (entry 4)," Vanadium reagents (entry 5)!") or under Sharpless conditions (entry 6)!' all

proved futile, but these studies revealed the chemoselective nature of the problem. The major side

product from 12 (entries 5 and 6) was identified as the ketone 11 (Scheme 2) produced via oxidation

of the allylic alcohol. Minor side products have not been unambiguously identified, but they contain

a methylenedioxy sub-unit and lack the methoxy group, indicating that cleavage and/or oxidation of

the electron rich aromatic ring is problematic. It has been shown that conformationally biased axial-

allylic cyclohexenols readily form epoxides, while equatorial-allylic alcohols (similar to 12) rapidly yield
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(+)-trans-Dihydronarciclasine

SCHEME 5.15. f) i) NaOBz, H,O, 100 °C, 18 h; then ii) Ac,O, Pyridine, CH>Cl, 12 h, 75% (for 2
steps); g) THO, DMAP, CH,Cl, 0 °C to tt, 16 h, 61%; h) TMSCI, KI, CH;CN, 1 h, 60 °C, 63% (or)
BBr;, CHxCl,, -78 °C to 1t, 1 h, 57%; i) NaOMe, MeOH, 0 °C to rt, 95%.

enones,” and indeed up to 40% of the enone 11 could be isolated (entry 5) as the major side-product
of the epoxidation. Given that the only success was seen using 7-CPBA, we returned to screening its
use in alternative solvents such as nitrobenzene, which met with some success (entry 7). Finally use of
a benzene/dioxane mixture, as described by Woodward and co-workers in their classic synthesis of
reserpine,!"” allowed for isolation of the 3-epoxide 13 in 38% yield, and 55% yield based on recoverable
starting cyclohexene.

With access to the epoxide secured, we turned our attention to completion of the synthesis of
the frans-dihydronarciclasine 1, as outlined in Scheme 5.15. Epoxide opening with aqueous sodium
benzoate and immediate protection gave the triacetate 14 without incident. The phenanthridone ring
was closed using Banwell’s modification of the Bischler-Napieralski reaction,"” giving the tetracycle
15. Cleavage of the C7-methyl ether was conducted chemoselectively to give the triacetoxy phenol 16,
and removal of the three acetate protecting group under basic conditions completed the total synthesis

of 1in 95% yield from 16.
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Synthetic 1 as prepared above displayed NMR (‘H and "C) data consistent with published

2a] [2a, 6

values (see the Supporting Information) for the natural product™ and optical rotation,” ! was fully
in accord with that of the dextrorotatory enantiomer of 1 ([¢]*’» 1=+4.58 (c=0.20, THF), lit/*
[¢]p=7+4.78 (c=0.27, THF), in agreement with our earlier observations on the absolute stereocontrol
of the critical [3+3]-organocatalytic cascade leading to analogues of 9. ¥ Overall, #ans-
dihydronarciclasine was obtained in 9 chemical steps from azidoacetone 8 and 5-methoxy-3,4-
methylenedioxycinnamaldehyde derivative 7, with an overall yield of 4.7%

Returning to our hypothesis of potential anti-ZIKV activity of compound 1 based on the

reported antiflaviviral- activity,”

we next interrogated synthetic (+)-#ans-dihydronarciclasine 1 along
with natural products 3, and 5 for in vitro anti-ZIKV activity as well as for cytotoxicity against the
host cells. This was accomplished using an assay based on the virus’s ability to cause a cytopathic
effect (CPE; measured in median Tissue Culture Infective Dose, TCIDsg) in viable host cells. The
detailed method can be found in the Supporting Information. Briefly, African green monkey kidney
cells (Vero C1008; ATCC) growing in 96 well tissue culture plates were exposed to a range of
compound concentrations. Cells were then inoculated with either 300 TCIDsy ZIKV strain MR766
suspended in cell growth medium (CGM) or with CGM alone. After 5 days of incubation at 37 °C /
5% CO, the cell viability reagent CellTiter 96 Aqueous One Solution (Promega Corp, W1, USA) was
added to all wells; colour reactions were read in a Filtermax F5 microplate reader (Molecular Devices,
CA, USA). Median and 90% viral inhibitory concentrations (ICso, ICoy respectively) and the median
cytotoxic dose (TDs)) was calculated using Calcusyn software (Biosoft, Cambridge, UK). The
therapeutic index (TT), a measure of virus specific activity, was calculated for each compound. Results
(Table 5.2) show that all three of the Amaryllidaceae compounds exhibit anti-ZIKV activity and

cytotoxicity comparable to the natural purified isolates reported against related flaviviruses.” Both

trans-dihydronarciclasine 1 and narciclasine 3 displayed potent activity (corresponding to 0.03
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TABLE 5.2. In vitro anti-Zika virus (ZIKV) Strain MR766 activity.

de IC50 HMa ICgo },LMb TD50 }.LMC TId

1 0.1 0.5 0.7 7
3 0.1 0.6 0.4 4
5 0.3 3.1 1.1 4

Data compiled from 3 independent experiments. [a] Concentration that inhibits 50% of viral CPE

[b] Concentration that inhibits 90% of viral CPE [c] Concentration that inhibits or kills 50% of host
cells [d] Therapeutic index, a measure of selectivity. TI=TDso/1Cso

mg/mL), pancratistatin 5 proved to be less potent and compound 1 demonstrated the highest
selectivity (TI=7). Compound 1 is as active as the most potent hits that have been identified from two
random high-throughput screening assays that interrogated 774!"™ FDA approved drugs and a library
of 6,096/ compounds consisting of approved drugs, clinical trial drug candidates and other
pharmacologically active compounds. Synthetic compound 1 validates our targeted hypothesis of anti
ZIKV activity, as evidenced by its ability to inhibit the growth of Zika virus at nanomolar
concentrations.

In conclusion, we have developed a 10-step total synthesis of the antiviral natural product (+)-
trans-dihydronarciclasine 1 from readily available 5-methoxypiperonal. The synthesis extends the scope
of regiospecific organocatalytic addition of azidoacetone onto highly functionalized Michael acceptors
leading to densely functionalized, homo-chiral azidocyclitol intermediates. The synthesis proceeds
through the penultimate triacetoxy protected phenol 16, an intermediate that should permit synthesis
of a heterobifunctional compound with a recruiting ligand connected via a linker onto C7, allowing
pulldown assays for antiviral and target identification. In addition, compound 1 exhibits the highest
calculated LogP value amongst the three derivatives, indicating that conjugation of lipophilic chains
at the C7 phenol could prove a valuable strategy to further optimize selectivity. The discovery of small

molecule inhibitors of ZIKV replication!” and host-cell entry!"™

is an exceedingly active area of
research in view of the Zika outbreak and its now demonstrated link to neurodevelopmental
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[17¢

impairment.!"”d The discovery of multiple drugs and targets operative against ZIKV has been identified

[17a]

as critical to the development of an effective therapeutic agent targeting this pandemic." ™ Preparation

of a series of analogues of compound 1 with the intention of increasing the selectivity, followed by
the assessment of their in vitro and in vivo antiviral activity against several strains of ZIKV as well as
biochemical studies described to identify a target and mechanism of action for this antiviral activity

are in progress.
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5.5 Additional discussion of the late-stage epoxidation and future work

As discussed in Chapter 5.4, formation of the C2-C3 epoxide from intermediate 12 proved to
be the most challenging aspect of the total synthesis of 1. Whereas treatment of the allylic alcohol
intermediate corresponding to 12 with 7-CPBA smoothly gave the desired epoxide in the previously
reported synthesis of closely related #ans-dihydrolycoricidine, all but the most careful conditions led
to decomposition in the current case (Scheme 5.16).”* Although these results were frustrating, they are
not unexpected; many syntheses of related Amaryllidaceae alkaloids report similar chemoselectivity
issues when trying to manipulate the densely functionalized C ring through oxidation.****! The
discrepancy in reactivity between the previous synthesis and the current effort is readily explained by
the increased electron density of the A ring in 12 due to the C7 methoxy, which increases its
susceptibility to oxidative degradation. NMR of the crude reaction mixtures after epoxidation attempts
demonstrated loss of the C7 methoxy, and a logical assumption is that oxidative demethylation of

intermediate 12 may lead to either quinol or quinone products (Scheme 5.16).

SCHEME 5.16 Epoxidation of the C2-C3 olefin proceeded smoothly using 7»-CPBA in the
previously reported synthesis of #ans-dihydrolycoricidine, but the same conditions result in oxidative
degradation of the A ring when performed on more electron rich 12.

194



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

1 H Ar

0 H oH) /&

= MocHN

Ar = <o©/ HO o IRV
! \ZNH H H&/ |L

H NHMoc
All substituents equatorial All substituents axial

FIGURE 5.4 Conformational analysis of 12 demonstrates the equatorial position of the C4 alcohol,
preventing chelation directed epoxidation with metal catalysts.

After many failed attempts using 7-CPBA, other common epoxidation conditions were
explored as presented in Table 5.1 and proved similarly disappointing. In both metal catalyzed
epoxidation reactions tested, reoxidation to the enone 11 was the primary result (Table 5.1, entries 5
and 6). Conformational analysis of 12 demonstrates that it is strongly biased to place the C3 alcohol
in an equatorial position (Figure 5.4). An axial C3 alcohol requires all other substituents to be in an
axial position and introduces a repulsive 1,3-diaxial interaction between the alcohol and the aryl ring.
However, titanium and vanadium catalyzed oxidation of allylic alcohols require chelation to an axial
alcohol to direct epoxidation on the alkene, or else alcohol oxidation predominates.””” Given the
conformational bias of 12 and the mechanistic behavior of metal catalyzed epoxidations on allylic
alcohols, the exploration of similar epoxidations is not recommended in any future efforts to improve
the total synthesis of 1.

Attempted epoxidations using dioxiranes generated 7z sizu from acetone also failed to give
appreciable quantities of the desired product (Table 5.1, entry 4). Although epoxidations using
dioxiranes usually proceed under mild conditions, it is known that the rate of decomposition of the
dioxirane competes with epoxide formation and that rates of reaction are more sensitive to substrate
bulkiness than epoxidations with 7-CPBA.”*" However, using trifluoroacetone instead of acetone
results in a more reactive dioxirane, leading to faster reaction rates and higher yield, and may be worth

attempting in any future syntheses of 1 using the synthetic route discussed in Chapter 5.4.”
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SCHEME 5.17 Nucleophilic epoxidations on 11 may be more chemoselective and provide better
access to the C2-C3 diol functionality.

A narrow set of conditions was found that allowed the completion of the synthesis of 1, but
retrospective analysis suggests other solutions that might mitigate the issues associated with the late
stage epoxidation. Decomposition of the A ring at a comparative rate to epoxidation should be
considered the primary issue requiring redress; steric biases may prevent the use of metal catalyzed
reactions, but the fact that the epoxidation using 7-CPBA proceeds smoothly in the case of #ans-
dihydrolycoricidine indicates that electronic differences in the A ring are the biggest factors
contributing to overall low yields. Future work can address this by avoiding the use of electrophilic
oxidants or altering the synthesis so that the A ring is less electron-rich when the epoxidation is
performed.

Instead of using electrophilic oxidants on allylic alcohol intermediate 12, the use of
nucleophilic oxidants on enone 11 might offer a chemoselective route to the desired functionality
(Scheme 5.17). For example, the Michael addition of fer#butylhydroperoxide to 11 under basic
conditions should generate a C2-C3 epoxide.” Hydride reduction of the C4 carbonyl would then serve
as a relay into the original synthesis. The epoxidation of enone 11 using peroxides under basic
conditions may also be amenable to organocatalysis. Carbonyl coordination by various organocatalyst
classes, including H-bonding thioureas and chiral amines, is a proven method for catalyzing the

epoxidation of enones, allowing both faster reaction rates and milder conditions.**’

196



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

OH

OH

SCHEME 5.18 Performing the BBN reaction earlier in the synthesis may reduce the oxidative
decomposition of the A ring during epoxidation.

Another alternative would be to perform the BBN reaction prior to epoxidation, as the
electron withdrawing B ring carbonyl would make the A ring less electron rich and thus less prone to
oxidation. For example, acetylation of 12 followed by the BBN should allow for epoxidation of the
C2-C3 alkene using 7-CPBA with alleviated concerns of A ring decomposition (Scheme 5.18). An
added benefit of this suggested route is that it may make the synthesis more efficient by performing
the BBN reaction at an earlier stage, reducing the amount of material that is carried through the
synthesis only to be lost in a late stage low-yielding step.

Ultimately, there are likely many alternative methods that would allow for effective
functionalization of the A ring without significantly deviating from the synthesis of 1, as described in
Chapter 5.4. As well, the above recommendations were made with the full understanding that any
changes to a synthesis can have unpredictable results. However, the yields obtained for the epoxidation
in the current synthesis present a significant challenge for future efforts that should be focused on
refinement of the anti-ZIKV pharmacophore or on the preparation of quantities of 1 necessary for
testing in animal models of the virus. Given the remarkably potent anti-ZIKV demonstrated by 1 and
the lack of effective treatments for the virus, any optimization of the total synthesis should be

considered a high priority for future work.
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5.6 Conclusions

An asymmetric total synthesis of (+)-frans-dihydronarciclasine was accomplished, further
demonstrating the synthetic utility of the formal organocatalytic [3+3] cycloaddition developed by the
McNulty group, especially for the creation of densely functionalized aminocyclitol cores. Besides
providing a useful route to a rare natural product, the present work also adds to the growing number
of biological applications exhibited by the Amaryllidaceae alkaloids. In particular, #rans-
dihydronarciclasine was found to possess extremely potent anti-Zika activity. The synthesis and
exploration of additional derivatives is highly warranted but may be hindered by the problematic late
stage oxidation used in the current synthetic route, and future work should focus on developing routes
that can mitigate this issue. Regardless of any shortcomings, the present synthesis of #ans-

dihydronarciclasine remains the shortest reported to date.
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5.7 Experimental

This experimental is provided as published in ChemistrySelect, 2016, 1, 5895-5899.

Solvents and reagents: All chemicals and solvents were purchased from Acros, Aldrich, J.T. Baker,
Caledon, Solvay-Cytec Industries and Fluka and used as received with the following exceptions:
deuterated solvents were obtained from ACP Chemicals, Toronto, Canada; tetrahydrofuran (THF),
diethyl ether (E,O), and toluene were distilled from sodium/benzophenone under an atmosphere of
dry nitrogen; dichloromethane (CH.Cly) was distilled from calcium hydride under an atmosphere of
dry nitrogen; methanol (MeOH) was distilled from magnesium turnings under an atmosphere of dry
nitrogen; triethylamine (NEts), N,IN-diisopropylethylamine (Hiinig’s) and pyridine were distilled from
potassium hydroxide under an atmosphere of dry nitrogen; solid sodium hydride (NaH) was obtained

by filtration and washing with #-hexanes.

Reaction handling: All non-aqueous reactions were performed in flame dried round bottom flasks
or in non-flame dried amber 1-dram vials. Reactions were magnetically stirred and monitored by thin-
layer chromatography (TLC) unless otherwise noted. TLLC was performed on Macherey-Nagel silica
gel 60 F254 TLC aluminum plates and visualized with UV fluorescence quenching and/or potassium
permanganate (KMnQOg) or 24-dinitrophenylhydrazine or p-anisaldehyde stains.!"! Concentrations
under reduced pressure were performed by rotary evaporation at 40 °C at the appropriate pressure,
unless otherwise noted. Column chromatographic purification was performed as flash column
chromatography with 0.3-0.5 bar pressure using Silicycle silica gel (40-63, 60 A) or EcoChrom silica
gel (12-26, 60 A).” Distilled technical grade solvents were employed. The yields given refer to

chromatographically purified and spectroscopically pure compounds, unless stated otherwise.
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Melting points: Melting points were measured on a melting point apparatus using open glass
capillaries and are uncorrected, the measurements were performed on material crystallized from the

stated chromatographic solvent, unless stated otherwise.

NMR spectroscopy: 'H, "C{1H}, DEPTq, COSY, HSQC and HMBC NMR spectra were obtained
on Bruker DRX-500, AV-600 and AV-700 spectrometers. All '"H NMR spectra were referenced
relative to SiMe, through a resonance of the employed deuterated solvent or proteo impurity of the
solvent; chloroform (7.26 ppm), acetone (2.05 ppm), DMSO (3.33 ppm) and methanol (3.31 ppm) for
"H NMR; chloroform (77.00 ppm), acetone (29.84 ppm), DMSO (39.52 ppm) and methanol (49.00
ppm) for "C NMR. All NMR spectra were obtained at RT (. 22 °C) unless otherwise specified. The
data is reported as (s = singlet, d = doublet, t = triplet, m = multiplet or unresolved, br = broad signal,
coupling constant(s) in Hz, integration). "C NMR spectra were recorded with complete "H-
decoupling. Service measurements were performed by the NMR service team of the Nuclear Magnetic
Resonance (NMR) Facility at McMaster University by Dr. Bob Berno, Dr. Dan Sorensen and Dr.

Hilary A. Jenkins.

Mass spectrometry: Mass spectrometric analyses were performed as high resolution ESI
measurements on a Waters/Micromass QTof Global Ultima (quadrupole time-of-flight mass
spectrometer) ot high resolution EI in a Waters/Micromass GCT (time-of-flight mass spectrometer)
instrument by the mass spectrometry service of the McMaster Regional Centre for Mass Spectrometry
(MRCMS) at McMaster University by Sujan Fernando, Tadek Olech and Leah Allan under the

supervision of Dr. M. Kirk Green.

Enantiomeric ratios: Were determined using a Waters 2695 Alliance HPLC system with a 996

detector or an Agilent 1220 Infinity HPLC manual injection with a variable wavelength detector, using
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a Daicel Chiralpak® AS-RH column (150 x 4.6 mm, 5y), Water/ACN (70:30) as a mobile phase; flow

rate 0.75 ml/min, column temperature 20 °C, 1236, sample 0.2 mg/ml dissolved in the mobile phase.
Optical rotations: Optical rotations were measured with a Perkin-Elmer 241 MC polarimeter.

Fourier Transform Infrared Spectroscopy (FTIR): were performed at the Combustion Analysis

and Optical Spectroscopy (CAOS) facility using a Thermo, Nicolet 6700 FTIR.
Anti Zika virus Assessment
Cells and virus

Vero C1008 cells (ATCC CRL-1586) were used for growing and titering stocks of virus as well as for
host cells in the antiviral assays. Cells were grown in Eagles Minimum Essential Medium (EMEM)

supplemented with 10% fetal bovine serum (FBS). Cells were used between passage numbers 21 and

41.

Zika virus strain MR766 (ATCC VR-1838), isolated from a rhesus monkey in Uganda in 1947, was

used for all antiviral experiments reported here.
Antiviral / Cytotoxicity Assay

We employed a simple assay that interrogates both antiviral and cytopathic properties of test
compounds. The antiviral portion of the assay is predicated upon the virus’s ability to damage or kill
the host cells, i.e., the viral cytopathic effect (CPE). Specifically, Vero C1008 host cells were plated in
Corning 96 well half area plates 24 hours prior to the assay at 5.5 x 10 cells per well in ZKV cell
growth medium (ZKV CGM; Dulbecco’s Modified Eagle Medium without phenol red supplemented
with 3% FBS). 20 mM stocks of experimental compounds were made in DMSO and stored at -25 °C.
On the day of the assay working solutions (1 mM or 32 uM) of compounds were made by dilution of
stock in ZKV CGM. Fifty microliters of compound working solution was added to each well in the
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first column of cells and then compounds were serially diluted across the plate by dilutions of 0.5 logio.
Two different concentration ranges were tested: 320 pM — 0.032 uM and 10 pM — 0.001 uM. The last
column was left without anycompound and served as virus control (VC, 6 of 8 wells per column) or
cell control (CC, 2 of 8 wells). Directly following, 300 median Tissue Culture Infective Dose (TCIDsq)
of Zika MR766 were added to 6 of 8 wells in each column; comparable volume of ZKV CGM was
added to the remaining 2 of 8 wells per column. Plates were incubated at 37 °C / 5% CO, for 5 days
at which time the reagent for coloutimetric determination of cell viability / cell number, CellTiter 96®
AQueous One Solution (Promega Corp), was added to each well and allowed to react for 4 h at 37 °C /
5% CO2. Absorbance (490 — 650 nm) in wells was measured on a Filtermax F5 microplate reader

(Molecular Devices) using SoftMax Pro 6.5 software.

Calculation of median inhibitory concentration (ICs), 90% inhibitory concentration (ICy),

and median cytotoxic dose (TDso).

CellTiter 96® AQueous One Solution contains a tetrazolium compound that is bioreduced by the
mitochondria in viable cells into a soluble, coloured formazan product. Thereby the amount of
absorbance in wells is directly proportional to the number of viable cells in the well. To calculate the
antiviral ICs, the amount of absorbance in wells containing compound, Zika virus and cells was
compared to that in wells containing only Zika virus and cells using the formula (A4s.650 Cpd x - Agoo-
650 VC) / A490-650 CC) for each concentration of compound. The resulting dose-effect fractions were
used to calculate the ICs) and ICo using Calcusyn software (Biosoft). Likewise, the amount of
absorbance in wells containing drugs and cells was compared to that in wells containing cells alone
for each concentration and then the TDsy was calculated by Calcusyn. Finally, for determination of

selectivity of a compound, a therapeutic index (TT) was calculated by the formula TT = TDs/ 1Cs.
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Experimental Procedures

(2E)-3-(7-Methoxy-1,3-benzodioxol-5-yl)-2-propenal 7. 5-Methoxypiperonal (2.0 g, 11.1 mmol)
and tri-#-propyl-(2,2-diethoxyethyl)-phosphonium bromide (5.15 g, 14.4 mmol, 1.3 eq.) were dissolved
in anhydrous THF (20 mL). Sodium hydride (1.33 g, 33.3 mmol, 3.0 eq., 60% dispersed in mineral oil)
was added slowly, maintaining the temperature below 30 °C, and the suspension was stirred for 24 h
at RT. The THF was evaporated and water (15 mL) was added to the crude, which was extracted with
CHCl; (3 X 15 mL). The extracts were combined and washed again with water (2 X 15 mL). The
organic layer was concentrated zz vacuo to afford a mixture of the acetal and aldehyde as red oil. After
20 mL of 1 M HCl were added an off-white precipitate appeared. Then the suspension was stirred for
1 h at RT. After extracted with CH>CL (3 X 15 mL) a flash chromatography (eluent CH,Cl,/MeOH

100:0 to 98:2) was performed giving 1.88 g of 7 as a yellow solid."”

Yield: 82%; TLC: Rf= 0.22 (CH.Cl,; UV / DNP); M.P.: 149-151 °C (material solidified from CH,CL)
[lit¥ 133 °C (EtOH)]; IR (neat, cm™): v 2980, 2804, 2727, 1682, 1666, 1509, 1474, 1451, 1435, 1331,
1141, 1095, 968, 814; "H NMR (600 MHz, CDCls): §9.65 (d, ] = 7.7 Hz, 1H), 7.35 (d, ] = 15.8 Hz,
1H), 6.78 (d, ] = 1.3 Hz, 1H), 6.75 (d, ] = 1.2 Hz, 1H), 6.57 (dd, ] = 15.8, 7.7 Hz, 1H), 6.05 (s, 2H),
3.94 (s, 3H); ®C NMR (151 MHz, CDCly): 6 193.4, 152.5, 149.6, 143.8, 138.2, 128.8, 127.3, 109.7,

102.2, 101.8, 56.7; HRMS (ESI): calculated for CiH; Oy [(M + H]"): 207.0657, found: 207.0652.
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(2R,3R,55)-2-Azido-3-(7-methoxy-1,3-benzodioxol-5-yl)-5-hydroxycyclohexanone 9. A
solution of (2E)-3-(7-methoxy-1,3-benzodioxol-5-yl)-2-propenal 7 (1.35 g, 6.53 mmol, 1.05 eq.) and
(R)-(+)-o,a-diphenyl-2-pyrrolidinemethanol trimethylsilyl ether (0.202 g, 0.62 mmol, 0.10 eq.) in
CH2Cl, (13.5 mL) was stirred for 10 min, after which it was cooled to -20 °C. 1-Azidopropan-2-one 8
(0.616 g, 6.22 mmol) was added dropwise during 10 min. The red solution was stirred for 20 min at
RT and quinidine (0.202 g, 0.62 mmol, 0.10 eq.) was added in one portion. The reaction was stirred at
RT for 48 h, after which HPLC showed full conversion. The CH>Cl, was carefully evaporated (30 °C,
32 mbar) yielding a red oil that was purified by flash chromatography (eluent CH,Cl,/MeOH 100:0 to
98:2, required two columns, 100 g of silica was used per column) giving 1.102 g as an yellow solid [first
column 1.005 g (53.0%) pure compound, second column {impure fractions from first column} 0.097
gl

Yield: 58%; TLC: Rf= 0.43 (CH2Cl, / MeOH; 95:5; UV); ML.P.: 149-151 °C (material solidified from
CH.ClxMeOH, 98:2); [6]®p = +90 (¢ = 0.19, MeOH, /= 1 dm); IR (neat, cm™): v 3473, 2917, 2104,
1725, 1634, 1513, 1452, 1434, 1093, 1043, 927; '"H NMR (600 MHz, CDCly): 6 6.48 (d, ] = 1.1 Hz,
1H), 6.44 (d, ] = 1.0 Hz, 1H), 5.98 (s, 2H), 4.60 — 4.54 (m, 1H), 4.02 (d, / = 12.0 Hz, 1H), 3.92 (s, 3H),
3.39 (td, ] = 12.3, 3.9 Hz, 1H), 2.74 (m, 2H), 2.21 (dd, ] = 14.4, 2.4 Hz, 1H), 2.16 — 2.09 (m, 1H); ®C
NMR (151 MHz, CDCls): 6 202.8, 149.3, 143.7,135.1, 134.6, 107.6, 101.6, 100.7, 71.5, 67.7, 56.8, 48.1,
44.8, 39.4; HRMS (ESI): exact mass calculated for CisHisNOs [(M — N, + H)™], 278.1028; found
278.1027; ee.: tmajor = 11.2 min, Tminor = 9.5 min (>99% e¢), AS-RH column (150 x 4.6 mm, 5p),

H>O/MeCN (70:30) as a mobile phase; flow rate 0.750 mL/min, column temperature 20 °C, A230,
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sample 0.2 mg / mL dissolved in the mobile phase. dr.: 96:4, tmajor = 8.47 min, ZORBAX SB-C18
column (150 x 4.6 mm, 5p), H:O/MeCN (70:30 to 35:65, 30 min) as a mobile phase; flow rate 1.0

ml./min, column temperature 20 °C, 1236, sample 0.01 mg / mL dissolved in the mobile phase.
Note: The purity of 1-Azidepropan-2-one should be confirmed prior to being used in the reaction.

Caution! For relatively fast reactions, the rate of addition of the azido componnd should be slow enough so that it
reacts rapidly and no significant unreacted excess is allowed to build up. The reaction mixture should be stirred efficiently

while the agido compound is being added, and cooling shonld generally be provided.

OH
el
0 N3
0

(25,3 8,5 R)-2-Azido-3-(7-Methoxy-1,3-benzodioxol-5-yl)-5-hydroxycyclohexanone ent-9.
M.P.: 147-150 °C (material solidified from CH.Cl:MeOH, 98:2); [#]*p = -58 (¢ = 0.43, MeOH, /=
1 dm); ee.: tmajor = 9.5min, tminor = 11.1 min (97% e¢), AS-RH column (150 x 4.6 mm, 5p),
H>O/MeCN (70:30) as a mobile phase; flow rate 0.750 mL/min, column temperature 20 °C, 1230,

sample 0.2 mg /mL dissolved in the mobile phase.
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N-[(1R,4 R,6 R)-6-(7-Methoxy-1,3-benzodioxol-5-yl)-4-hydroxy-2-oxocyclohexyl]-carbamic

acid methyl ester 10. In a stainless-steel hydrogenation vessel 9 (0.405 g, 1.33 mmol), dimethyl
dicarbonate (0.535 g, 3.99 mmol, 3.0 eq.) and 10 % Pd/C (0.106 g, 0.100 mmol, 0.075 eq.) were
suspended in methanol (40.5 mL). The vessel was sealed and subjected to 50 psi of hydrogen gas with
vigorous stirring for 10 h, after which TLC (CH,Cl,/MeOH 95:5) showed full conversion. The
suspension was filtered through a Celite® pad and carefully evaporated (20 °C, 0.1 mbar). The
translucent yellow oil was putified by flash chromatography (eluent CH>Cl,/MeOH 100:0 to 95:5, 50

g of silica were used) giving the product as a translucent oil (0.332 g).

Yield: 74%; TLC: Rf= 0.28 (CH.Cl, / MeOH; 95:5; UV); [#]%p = -5.9 (¢ = 1.98, MeOH, /= 1 dm);
IR (neat, cm™): v 3385, 2943, 2901, 1729, 1706, 1634, 1513, 1452, 1434, 1194, 1090, 1044, 928, 735;
'H NMR (600 MHz, CDCL): § 6.46 (d, ] = 0.8 Hz, 1H), 6.43 (s, 1H), 5.93 (d, ] = 1.0 Hz, 2H), 5.18
(d, ] = 8.9 Hz, 1H), 4.55 (m, 2F), 3.87 (s, 3H), 3.53 (s, 3H), 3.20 (td, ] = 12.0, 3.8 Hz, 1H), 2.82 (d, ]
= 12.5 Hz, 1H), 2.68 (dd, ] = 14.0, 2.2 Hz, 1H), 2.64 (s, 1H), 2.22 — 2.11 (m, 2H); *C NMR (151
MHz, CDCL): §205.7, 157.0, 148.9, 143.4, 135.3, 134.1, 107.2, 101.4, 101.4, 68.0, 63.4, 56.6, 52.2, 48.2,

45.5, 40.5; HRMS (ESI): exact mass calculated for C1sH2NO7 [(M + H)'], 338.1240 found 338.1248.
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N-[(1R,6 R)-6-(7-Methoxy-1,3-benzodioxol-5-yl)-2-0x0-3-cyclohexen-1-yl] - carbamic acid
methyl ester 11. In a 50 mL RBF, 10 (0.317 g, 0.94 mmol) was dissolved in CH,Cl, (16 mL) under
nitrogen and cooled in an ice bath. Methanesulfonyl chloride (0.094 ml., 1.22 mmol, 1.30 eq.) was
added in one portion, and then dry Hiinig’s base (0.491 mL, 2.83 mmol, 3.0 eq.) was added dropwise
over a period of 10 min. The resulting solution was stirred for 3 h at RT, then poured into water (8
mL) and the layers separated. The organic phase was washed with 0.1 M HCI (8 mL) then brine (8
ml) and dried over Na,SO,. Concentration under reduced pressure followed by column
chromatography on silica (CH2CL, / MeOH; 100:0 to 98:2) gave the product as a translucent oil. The
product was triturated with MeOH to obtain a white solid (0.264 g).

Yield: 88%; TLC: Rf= 0.20 (CH2CI2 / MeOH; 98:2; UV); M.P.: 186-188 °C (material solidified from
MeOH); [a]*p = +15.0 (¢ = 0.68, MeOH, /=1 dm); IR (neat, cm-1): v 3328, 2947, 1717, 1686, 1634,
1513, 1451, 1435, 1315, 1136, 1092, 1062, 927; 'H NMR (600 MHz, CDCls): 6 6.98 (dt, ] = 9.9, 4.0
Hz, 1H), 6.46 (s, 1H), 6.45 (s, 1H), 6.17 (d, ] = 10.1 Hz, 1H), 5.96 (s, 2H), 4.80 (brd, ] = 5.3 Hz, 1H),
4.71 —4.52 (m, 1H), 3.89 (s, 3H), 3.59 (s, 3H), 3.19 (m, 1H), 2.76 — 2.62 (m, 2H); "C NMR (151 MHz,
CDCl): 6 196.3, 157.1, 148.9, 148.5, 143.5, 134.8, 134.3, 128.6, 107.1, 101.6, 101.5, 60.7, 56.6, 52.3,

47.9, 36.0; HRMS (ESI): exact mass calculated for CisHisNOg [(M + H) "], 320.1134; found 320.1129.
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N-[(1R,2R,6 R)-6-(7-Methoxy-1,3-benzodioxol-5-yl)-2-hydroxy-3-cyclohexen-1-yl]-carbamic
acid methyl ester 12. To a solution of LiAIH4 (0.058 g, 1.53 mmol, 3.0 eq.) in THF (8 mL) at 0 °C,
#+BuOH (0.476 mL, 4.85 mmol, 9.5 eq.) was added dropwise and the resulting mixture was stirred at
RT for 30 min. The suspension was cooled to 0 °C and added to 11 (0.163 g, 0.51 mmol). After 2 h of
stitring TLC showed full conversion (CH,Cl,/MeOH 95:5, quenched before spotted), saturated
aqueous NH4Cl was added to quench the reaction. The product was extracted with EtOAc (3 x 15
mL) and the combined organic layer was washed with brine (10 mL) and dried over Na,SO,. The
solvent was removed under reduced pressure (50 °C, 32 mbar) and the residue was purified by column
chromatography (CH2Cl, / MeOH; 100:0 to 95:5) to afford the product (0.135 g) as a light brown
solid. Storage temperature: 0 °C.

Yield: 82%; M.P.: 116-118 °C (material solidified from CH>CL); TLC: Rf = 0.41 (CH.Cl, / MeOH,;
95:5; UV); [¢]*D = -62 (¢ = 0.3, MeOH, /= 1 dm); IR (neat, cm-1): v 3386, 2915, 1701, 1633, 1512,
1451, 1433, 1313, 1242, 1091, 1045, 926; 'H NMR (600 MHz, CDCls): 6 6.38 (d, ] = 1.3 Hz, 1H),
6.36 (d, ] = 1.1 Hz), 5.92 (s, 2H), 5.75 (ddd, ] = 10.0, 4.5, 2.1 Hz, 1H), 5.68 (d, ] = 10.2 Hz, 1H), 4.75
(d, ] = 3.5 Hz, 1H), 4.28 (s, 1H), 3.86 (s, 3H), 3.74 (dt, ] = 11.9, 7.5 Hz, 1H), 3.54 (s, 3H), 2.80 (td, |
= 11.4,5.5 Hz, 1H), 2.33 (dt, ] = 18.0, 5.0 Hz, 1H), 2.30 — 2.22 (m, 1H); *C NMR (151 MHz, CDCly):
0 158.3, 149.1, 143.6, 135.7, 134.1, 129.4, 126.8, 107.1, 101.4, 101.3, 73.7, 58.6, 56.5, 52.3, 44.8, 35.1;

HRMS (ESI): exact mass calculated for C1sHisNOgNa [(M + Na)'], 344.1108; found 344.1110.
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methyl ((15,25,3R,4R,6R)-2-hydroxy-4-(7-methoxybenzo [1,3]dioxol- 5-yl)-7-oxabicyclo
[4.1.0]heptan-3-yl)carbamate 13. In a dry 10 mL. RBF, 12 (0.010 g, 0.03 mmol) was dissolved in
benzene-dioxane (1 mL, 1:1) along with NaHCO3 (0.008 g, 0.09 mmol, 3.0 eq.) and »-CPBA (0.011
g, 0.06 mmol, 2.0 eq.) at RT. The resulting solution was stirred vigorously for 12 h at RT. Then solvent
was evaporated in vacuo at 20 °C to obtain crude solid, which was dissolved in CH2Cl, and washed
with sat. NaHCOs solution (5 mL) and was extracted with CH>Cl, (2 X 5 mL). The combined organic
layers were washed with brine (5 mL) then dried with anhydrous Na,SOs. The solvent was removed
under reduced pressure (50 °C, 32 mbar) and the residue was purified by column chromatography
(CH:Cl, / MeOH; 100:0 to 95:5) to afford the product 13 (0.004 g) as a light brown viscous liquid
along with starting material 12 (0.003 g).

Yield: 55% (brsm); TLC: Rf= 0.22 (CH2CI2 / MeOH; 95:5; UV); [2]*’p = -6.4 (¢ = 0.25, CHCl,,
/=1 dm); '"H NMR (600 MHz, CDCl3): 6 6.36 (d, ] = 1.2 Hz, 1H), 6.34 (s, 1H), 5.97 (brs, 2H), 4.49
(brs, 1H), 4.07 (bs, 1H), 3.90 (s, 3H), 3.84 — 3.75 (m, 1H), 3.58 (s, 3H), 3.51 (dd, /] = 3.7, 1.4 Hz, 1H),
3.37 (t, ] = 4.5 Hz, 1H), 2.69 (brs, 1H), 2.30 (ddd, | = 15.9, 6.5, 5.2 Hz, 1H), 2.11 (dd, ] = 15.8, 12.0
Hz, 1H); "C NMR (151 MHz, CDCI3): § 158.0, 149.1, 143.7, 135.1, 134.2, 107.0, 101.9, 101.7, 101.6,
101.5,73.6, 57.1, 56.6, 55.3, 53.4, 52.4, 44.8, 33.1.; HRMS (ESI): exact mass calculated for CisH20NO-

[(M + H)™], 338.1240; found 338.1238.
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OAc

(15,2R,35,4R,5 R)-5-(7-methoxybenzo [1,3]dioxo0l-5-yl)-4-((methoxycarbonyl) amino)
cyclohexane-1,2,3-triyl triacetate 14. The epoxide 13 (0.010 g, 0.03 mmol) was suspended in water
(2 mL) and sodium benzoate (0.0012 g, 0.014 mmol, 0.5 eq.) was added. The mixture was heated at
90-95 °C for 18 h. After the reaction was complete (TLC: Rf = 0.11 (CH:Cl, / MeOHj; 95:5; UV),
solution was cooled to RT and the water was removed using a flow of nitrogen. The crude residue
(light pink) was dissolved in CH2Cly, to which was added acetic anhydride (0.01 mL, 0.112 mmol, 4.0
eq.) and pyridine (0.024 mL, 0.28 mmol, 10 eq.) at RT. The reaction mixture was stirred at RT for 12
h then it was poured into water and extracted with CH2Cl» (2 X 5 mL). The combined organic layers
were washed with brine (5 mL) then dried with anhydrous Na,SO.. The solvent was removed 7 vacuo
and the residue was purified by silica gel column chromatography (CH.Cl, / MeOH; 100:0 to 98:2) to
afford the product 14 (0.010 g) as a colourless oil. This compound is known and matches the reported

spectroscopic data.”

Yield: 75% (for 2 steps); TLC: Rf = 0.50 (EtOAc / Hexane; 50:50; UV); [6]%p = +53.9 (¢ = 1.0,
CHCL, /=1 dm) {[dD lit= +63.7 (- = 0.95, CHCly)"}; "H NMR (600 MHz, CDCls): 5 6.43 (d, | =
1.4 Hz, 1H), 6.39 (brs, 1H), 5.95 (q, ] = 1.5 Hz, 2H), 5.34 (¢, ] = 3.0 Hz, 1H), 5.22 (dd, ] = 10.1, 0.6
Hz, 1H), 5.05 (dd, ] = 6.2, 2.9 Hz, 1H), 4.38 (d, J = 9.1 Hz, 1H), 4.22 — 4.13 (m, 1H), 3.91 (s, 3H),
3.51 (s, 3H), 2.89 (s, 1H), 2.21 (s, 3H), 2.16 (s, 3H), 2.06 — 2.03 (m, 1H), 2.01 (s, ] = 4.0 Hz, 3H), 2.02-
1.98 (m, 1H); *C NMR (151 MHz, CDCly): 6 170.7, 169.4, 169.3, 156.5, 149.0, 143.5, 134.9, 134.22,
107.3, 101.5, 101.4, 71.1, 69.1, 68.8, 56.7, 53.2, 52.1, 43.4, 33.8, 21.1, 21.0, 20.7; HRMS (ESI): exact

mass calculated for C2oH»NONa [(M + Na)*], 482.1584; found 504.1482.
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OAc
~ OAc

<O Y OAc

(25,3 R4 5,4a R)11b R)-7-methoxy-6-0x0-1,2,3,4,4a,5,6,11b-octahydro-[1,3] dioxolo[4,5-j]

phenanthridine-2,3,4-triyl triacetate 15. Into a 10 mL RBF, 14 (0.020 g, 0.04 mmol) and DMAP
(0.024 g, 0.2 mmol, 5.0 eq.) were dissolved in CH2Cl, (2 mL) at 0 °C. A 1.0 M solution of Tf,O in
CH>Cl, (0.33 mL, 0.33 mmol, 8.0 eq.) was added dropwise to the reaction mixture over a period of 10
min. The reaction was stirred for 16 h at RT. The solvent was evaporated and the residue treated with
a mixture of THF (2 mL) and 1 M HCI (1 mL). After stirring for 1 h at RT, the mixture was partitioned
between a saturated aqueous solution of NaHCO; (1 mL) and CH2Cl; (10 mL). The organic phases
were combined, dried with anhydrous Na,SO4 and concentrated. The brown product was purified by
flash column chromatography (CH>Cl, / MeOH; 100:0 to 98:2) to afford 0.011 g of white solid. This

compound is known and matches the reported spectroscopic data.

Yield: 61%; TLC: Rf = 0.30 (CH,Cl, / MeOH; 95:5; UV); [e]p = +119.2 (¢ = 0.45, CHCl;, 1 = 1
dm) {[¢D lit.= +131.3 (c = 0.31, CHCly)! }; "H NMR (600 MHz, CDCLy): § 6.47 (s, 1H), 6.02 (d, |
= 1.4 Hz, 1H), 6.00 (d, ] = 1.4 Hz, 1H), 5.42 (t, ] = 3.2 Hz, 1H), 5.21 — 5.13 (m, 2H), 4.07 (s, 3H),
3.72 — 3.60 (m, 1H), 3.08 (td, ] = 12.5, 4.0 Hz, 1H), 2.40 (d, ] = 14.4 Hz, 1H), 2.14 (s, 3H), 2.07 (s,
GH), 1.92 — 1.84 (m, 1H).; ®C NMR (151 MHz, CDCls): & 170.4, 169.4, 169.1, 163.7, 152.1, 145.1,
137.4,137.1, 115.5, 101.7, 99.0, 71.5, 68.5, 67.3, 60.8, 52.1, 35.9, 26.9, 21.0, 20.8, 20.7; HRMS (ESI):

exact mass calculated for CoHuNOy [(M + H)™], 450.1395; found 450.1413.
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OAc (2S,3R,4S,4aR,11bR)-7-hydroxy-6-ox0-1,2,3,4,4a,5,6,11b-octahydro-
~_0Ac
o [1,3]dioxolo[4,5-j] phenanthridine-2,3,4-triyl triacetate 16. Boron
Y OAc
<O NH tribromide (0.16 mL of 1.0 M in CH,Cly, 0.156 mmol) was added to a solution
OH O

of 15 (0.009 g, 0.02 mmol) in CHCl, (2 mL) at -78 °C. The reaction mixture
was allowed to warm to 0 °C and stirring was continued for 1 h. The reaction was then quenched by
adding aqueous NH4OH solution (2 mL) at 0 °C and the resulting mixture was stirred for 30 min at O
°C. Then it was extracted with ethyl acetate (2 X 10 mL). The combined organic layers were washed
with brine, dried with anhydrous Na,SO4 and concentrated. The crude product was purified by flash
column chromatography (CH.Cl, / MeOH; 100:0 to 98:2) to afford 16 (0.005 g, 57%) as a white
amorphous solid.
KI (0.004 g, 0.022 mmol, 1.0 eq.) and TMSCI (0.06 mL of 0.5 M solution in CH3CN, 1.3 eq.) were
added to a stirred solution of 15 (0.010 g, 0.022 mmol, 1.0 eq.) in CH3CN (1.5 mL). The reaction
mixture was stirred for 1 h at 60 °C and quenched by the addition of H>O (2 mL) at 0 °C. The organic
layer was extracted with EtOAc (2 X 5 mL), washed with brine, dried over Na,SO,, filtered, and
concentrated in vacuo. The crude residue was purified by silica gel column chromatography (CH2Cl,
/ MeOH; 100:0 to 98:2) to obtain 16 (0.006 g, 63%) as a white solid. This compound is known and
matches the reported spectroscopic data.”
TLC: Rf = 0.25 (CH,Cl, / MeOH,; 95:5; UV); [«]*p = +68.8 (c = 0.33, CHCI3,1 =1 dm) {[«]p lit.=
+80.7 (c = 0.29, CHCIy)” }; 'TH NMR (600 MHz, CDCly): § 12.32 (s, 1H), 6.33 (s, 1H), 6.05 (s, 1H),
6.04 (d, ] = 0.6 Hz, 1H), 6.00 (s, 1H), 5.44 (t, ] = 3.2 Hz, 1H), 5.19 (dd, ] = 6.8, 4.2 Hz, S11 2H), 3.78
(dd, J = 12.6, 11.0 Hz, 1H), 3.14 (td, ] = 12.7, 3.8 Hz, 1H), 2.44 (dt, ] = 14.3, 2.8 Hz, 1H), 2.14 (s,
3H), 2.10 (s, 3H), 2.09 (s, 3H), 1.95 — 1.88 (m, 1H).; ®C NMR (151 MHz, CDCl3): § 170.2, 169.3,
169.1, 153.0, 146.5, 135.8, 133.2, 106.9, 102.3, 96.7, 71.6, 68.4, 67.3, 52.8, 34.5, 29.7, 26.7, 21.0, 20.8,

20.7.; HRMS (ESI): exact mass calculated for C20H22NOyo [(M + H)™], 436.1238; found 436.1236.
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OH

OH

0o -~ OH
<o NH

OH O
(+)-trans-Dihydronarciclasine 1. To a stirred solution of 16 (0.006 g, 0.014 mmol) in THF (1 mL)

was added NaOMe (0.008 g, 0.14 mmol, 10.0 eq.) at RT, and the mixture was stirred at RT for 1 h.
After completion of the reaction (TLC), it was quenched by the addition of saturated NH4ClI solution
and extracted with EtOAc (3 X 5 mL). The combined organic layers were washed with brine (5 mL),
dried over Na,SO4, and concentrated in vacuo to give crude residue, which was purified by silica gel
column chromatography (EtOAc/MeOH 10:1) furnished trans-dihydronarciclasine (1) (0.004 g, 95%)
as a white solid. This compound is known and matches the reported spectroscopic data.

TLC: Rf = 0.10 (CH2CI12 / MeOH; 95:5; UV); [«]*’p = +4.5 (c = 0.2, THF, 1 = 1 dm) {[o]p lit.= +4.7
(c = 0.27, THF)}; '"H NMR (600 MHz, MeOD): & 6.37 (s, 1H), 5.93 (d, ] = 1.0 Hz, 1H), 5.92 (d, |
= 1.0 Hz, 1H), 4.00 (dd, /] = 5.9, 2.9 Hz, 1H), 3.83 (t, ] = 3.2 Hz, 1H), 3.79 (dd, ] = 10.2, 3.0 Hz, 1H),
3.39 (dd, ] = 13.0, 10.2 Hz, 1H), 2.93 (td, ] = 12.7, 3.8 Hz, 1H), 2.15 (dt, ] = 13.8, 3.3 Hz, 1H), 1.75
(td, J = 13.6, 2.6 Hz, 1H).; ®*C NMR (151 MHz, MeOD): § 172.0, 154.4, 147.4, 139.8, 134.1, 108.4,
103.6, 97.8, 73.5, 71.7,70.7, 56.5, 35.4, 29.8.; HRMS (ESI): exact mass calculated for CisHisNO; [(M
+ H)"], 310.0927; found 310.0927.
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6 Conclusions and Future Directions

This thesis has presented several novel, synthetically useful Wittig and organocatalytic methodologies.
Perhaps more importantly, these have been used in the synthesis of a variety of potential
chemotherapeutics with promising anti-viral and anti-cancer activities including triazole stilbenes,
alkenyl phenols, cyclobutanes and the Amaryllidaceae alkaloid #7ans-dihydronarciclasine. Future efforts
could focus on expanding the synthetic scope and applications of these reactions or could focus on
the preparation of additional derivatives to improve the understanding of the SAR of the diverse
compound classes mentioned above. In practice these goals are likely inseparable, and in some cases
these research problems are already being explored by the McNulty group.

In Chapter 2, an aqueous Wittig methodology for the synthesis of a-methylstilbenes from
novel phosphonium salts and the use of these stilbenes in the development of aromatase inhibitors
with nanomolar potency was presented. Future work could explore the reactions of these salts with
non-aromatic aldehydes, conjugated aldehydes, and ketones in order to expand the scope of the
methodology. Current efforts in the McNulty group are already focused on the preparation of
additional aromatase inhibitors that may be even more potent. As well, the exploration of these
compounds in cell based or even mouse models may be warranted in the near future.

Chapter 3 focused on the development of a one-pot synthesis of various alkenyl phenols,
including some natural product stilbenes. Interestingly, investigation of the biological activity of these
compounds produced disparate results from several other reports in the literature. Thus, additional
biological studies on these compounds are not current priorities. Instead, synthetic applications for
these alkenyl phenols are being explored. Some have already proven to be useful, for example as
substrates in the organocatalytic [2+2] cycloaddition discussed in Chapter 4. There are likely many

other applications for these compounds due to their ability to readily form quinone methide
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intermediates. Indeed, current work in the McNulty group is focused on the development of other
organocatalytic cycloadditions with these alkenyl phenols.

As mentioned, a highly enantioselective synthesis of cyclobutanes was developed, detailed in
Chapter 4. Notably, this method is one of few asymmetric organocatalytic [2+2] cycloadditions, and
some of the product cyclobutanes displayed low micromolar anti-proliferative activity in several cancer
cell lines. Future exploration of this biological activity is warranted and should be relatively
straightforward. The cyclobutane derivatives prepared using this methodology are highly
functionalized and contain several reactive handles that could be used to prepare compounds covering
a broad chemical space. Thus, the establishment of SAR could be concurrent with the exploration of
synthetic applications for these cyclobutanes.

Lastly, Chapter 5 describes the total synthesis of (+)-#ans-dihydronarciclasine as part of the
McNulty group’s perennial focus on the synthesis of Amaryllidaceae alkaloids and the exploration of
their biological activities. Although similar in principle to a prior synthesis of closely related #ans-
dihydrolycoricidine, this work highlights the fact that even small changes to the structure of a molecule
can result in drastic, unpredictable changes to its reactivity and biological activity. Given the potent
ant-Zika activity displayed by #muns-dihydronarciclasine, future work should focus on further
elaboration of the SAR for this molecule and the development of an improved synthetic strategy that
avoids the troublesome late-stage epoxidation.

Opverall, this thesis presents efforts to create synthetic methods that other chemists would find
useful, with an emphasis on the Wittig reaction and its intersection with organocatalysis. As well, this
work provides further evidence that unmet needs in organic chemistry are frequently discovered in
the pursuit of high value compounds. Ultimately, this thesis offers multiple avenues for further
research, with focuses on the discovery of novel reactions and the development of anti-viral and anti-

cancer chemotherapeutics.
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Appendix A: NMR Spectra Pertaining to Chapter 2
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9a 'H NMR

1400

~1300

~1200

~1100

~1000

=000

-800

~700

600

~500

400

300

200

—100

~0

—100

=506

FsTe
=IT'E

Leno

oot

%moé
=t0C
hﬂHD.N

5.5 50 4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0

6.0
f (ppm)

9.0 8.5 8.0 73 2.0 6.5

9.5

11.5 11.0 10.5 10.0

12.0

229



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

9a BC NMR
™ — 5 WM

Mg L e HE HRRZZEE

HAAAH M OO gL L

P e e e e | MM e
DGO &/ bl g 65000

Br
Pt —_
60000
—35000
—=30000
~45000
40000
35000
~30000
~25000
20000
15000
|
i | -10000
I
-5000
]
| I
e . . L L — , ,
--5000
o ¢ T T ™ T T T e T = T T T i, R =T o | R T 3 T =¥ D T T T T T T T =T T T T T
200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10

f1 (ppm)

230



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology
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6¢c BC NMR
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5d 'H NMR
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13 'H NMR
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Appendix B: NMR Spectra Pertaining to Chapter 3

Tripropylphosphine hydrobromide 'H NMR
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Tripropylphosphine hydrobromide *C NMR
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Tripropylphosphine hydrobromide *'P NMR
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Salt 12 'H NMR

~2300
2200
~2100
2000
1900
FlBUU
1700
~1600

1500

1400

1300
rlEDD

60'T
e0'T
0717
o7t
T
Zr'l
95'T
L5'T

|
[
|
ba
'.
L
5.

25'T
25'T
65'T
65'T
09T
09T
09T
9T
9T
29'T
29'1
29°T

E9T
F'T
FT'E =
FT'2

ST'2
51’2
ST'E
ar'Z
gr'e

a1’z
{1z

asrd
Ak
81z
8121
8121
61'2

99'E1
BY'E
8e'e
ba'p
SL'9
991
9¢'9
£4'9
L9
£89
a9
seo
£6'9
£6'9
ce'a)

T

® O
F’F)rg Br

=—10c|
[200

=006

EZT'S

=50

=10¢
=~EDE

201
2650
60

1.5 1.0 0.5 0.0

2.0

2.5

10,5  10.0 8.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 3.3 5.0 4.5 4.0 35 3.0
f1 {ppmj]

11.0

286



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

Salt 1a *C NMR
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Salt 12 *'P NMR
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Salt 1b '"H NMR
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Salt 1b *C NMR
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Salt 1b *P NMR
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Salt 1c 'H NMR
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Salt 1c ®C NMR
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Salt 1c P NMR
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Salt 1d '"H NMR
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Salt 1d "C NMR
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Salt 1d *'P NMR
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2a'H NMR
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2a ®C NMR
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2¢ ®*C NMR
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Appendix C: HPLC Chromatograms Pertaining to Chapter 4

5a Racemate 5a

VWD1 A, Wavelength=250 nm VWD1 A, Wavelength=250 nm

1025
104
9754
954
9.25]
94
8754
854
8.254
84
7.75
754
7.254
74
6754
654
6.254
64
575{
554
525]
54
4754
45/
4254
4]
3.75{
354
3254

mAU

Time [min]

i 5 3 4 5 6 1 & & 10 1 12 13 14 15 18 17 18
Time [min]

Signal: VWD1 A, Wavelength=250 nm i
Signal: VWD1 A, Wavelength=250 nm

RT [min] Type Width [min] Area Height Area% Name . ) ) . )

8.982 BB 0.4779 285.7023 94173 501422 RT [min] Type Width [min] Area Height Area% Name
11.103 BB 06094  284.0816 73429 49.8578 9.003 BB AaRee Mgl J0RER G
11.176 MM 0.5293 4.0918 0.1288 1.2656

Sum 569.7839
Sum 323.3059
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5a Racemate
VWD1 A, Wavelength=250 nm

10.25
104
9.754
9.54
9.254
94
8.754
854
8.254

mAU
IS
o
&

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Time [min]

Signal: VWD1 A, Wavelength=250 nm
RT [min] Type Width [min] Area Height Area% Name
8.982 BB 0.4779 285.7023 9.4173 50.1422
11.103 BB 0.6094 284.0816 7.3429 49.8578
Sum 569.7839

338

mAU

Signal:

10.25
10
9.75
95
9.25
9
875
85
825
8
7.75
75
725
7
6.75
65
6.25
6
575
55
525
5
475
45
425
4
375
35
325
3
275
25
225
2
1.75
15
1.25
1
075
05
025
0
-0.25
-05

RT

11.176 MM

ent - 5a

VWD1 A, Wavelength=250 nm

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time [min]

VWD1 A, Wavelength=250 nm
[min] Type Width [min]
9.003 BB 0.4884
0.5293
Sum

Area% Name
98.7344
1.2656

Area
319.2141
4.0918
323.3059

Height
10.3052
0.1288



5b Racemate

VWD1 A, Wavelength=250 nm
64
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mAU

Time [min]

Signal: VWD1 A, Wavelength=250 nm

RT [min] Type Width [min]

8.486 BB 0.3794
10.675 BB 0.4977
Sum

Area
172.1061
172.3543
344.4604

Height
6.9153
5.2812

Area% Name
49.9640
50.0360

5b

VWD1 A, Wavelength=250 nm

i 3 3 4 5 6 % 8 [ ] 7 13 14 15
Time [min]

Signal: VWD1 A, Wavelength=250 nm
RT [min] Type Width [min] Area Height Area% Name
8.469 BB 0.3753 282.2303 11.4622 98.9212
10.671 MM 0.4566 3.0780 0.1124 1.0788
Sum 285.3084
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5¢c Racemate

VWD1 A, Wavelength=250 nm

6.4+
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6.2
6-
5384
564
544
5.2
5.
484
46
4.4
424
4]
3.8
3.6
344
324
34
284
264
244
224
24
1.84
1.6
1.4
1.24
14
0.8
0.6
044
0.2
0
-0.24
044

mAU

Time [min]

Signal: VWD1 A, Wavelength=250 nm
RT [min] Type Width [min]

9.054 MM
11.962 MM

0.5278
0.7358
Sum

Area
190.0291
182.0572
372.0863

Height
6.0005
41237

Area% Name
51.0712
48.9288

340

5¢

VYWD1 A, Wavelength=250 nm
7

16.5
16
15.5
15
145
14
13.54
13
125
12
1.5

105

mAU
@

Time [min]

Signal: VWD1 A, Wavelength=250 nm

RT [min] Type Width [min]

9.086 BB 0.5137
11.976 MM 0.6674
Sum

Area
516.5681
4.6261
521.1942

Height
15.9578
0.1155

Area% Name
99.1124
0.8876



5d Racemate

VWD1 A, Wavelength=250 nm

7.84
764
7.44
724

6.84
6.6+
6.4+
6.24

584
564
544
5.24

48]
464
44]
424

3.84
364
344
3.24

mAU

2.84
264
244
224

184
164
144
1.2

0.84
0.6+
044
0.24

-0.21
0.4
-0.6
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Time [min]

Signal: VWD1 A, Wavelength=250 nm
RT [min] Type Width [min]

8.811 BB
10.299 BB

0.4783
0.5748
Sum

Area
234.9755
231.4530
466.4285

Height
7.7808
6.3560

Area% Name
50.3776
49.6224

341

VWD1 A, Wavelength=250 nm

mAU

Time [min]

Signal: VWD1 A, Wavelength=250 nm

RT [min] Type Width [min]

8.871 BB 0.4877
10.440 MM 0.5803
Sum

Area
4471015
12.1922
459.2937

Height
14.4996
0.3502

Area% Name
97.3454
2.6546




Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

5e Racemate 5e

VWD1 A, Wavelength=250 nm

mAU
mAU

i 2 3 4 & 6 1 & & 10 11 12 13 14 15 16 17 18 19 20
Time [min]

Signal: VWD1 A, Wavelength=250 nm

RT [min] Type Width [min] Area Height Area% Name
11.221 BB 0.6383 838.8632 20.7663 49.8823
13.635 BB 0.7842 842.8210 16.8901 50.1177

Sum  1681.6842

342

VWD1 A, Wavelength=250 nm

Signal:

9 10 11 12 13 14 15 16 i/ 18 19
Time [min]

VWD1 A, Wavelength=250 nm
RT [min] Type Width [min]
11.209 BB
13.615 MM

Area Height Area% Name
1031.7932 25.6443 97.9468
21.6287 0.4589 2.0532
1053.4219
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5f Racemate 5f

VWD1 A, Wavelength=250 nm VYWD1 A, Wavelength=250 nm

mAU

i 2 3 4 5 6 7 & 6 10 11 12 13 14 15 16 17 18 19 20 ) i 2 3 4 5 6 7 8 ¢ 10 1 12 13 14 15 16 17 18 19 20
Time [min] Time [min]
Signal:  VWD1 A, Wavelength=250 nm Signal: ~ VWD1 A, Wavelength=250 nm
RT [min] Type Width [min] Area Height Area% Name RT [min] Type Width [min] Area Height Area% Name
13.058 BB 0.6971 357.5092 8.0812 50.3273 13.016 BB 0.7289 394.7533 8.5781 95.5151
14.679 BB 0.8028  352.8591 7.0280 49.6727 14.673 MM T 0.6917 18.5355 0.4466 4.4849
Sum 710.3683 Sum 413.2889
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8 Racemate

25 VWD1 A, Wavelength=250 nm
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————————— 46897

2 ©o
T o a
104
94
84
74
64
54
44
34
24
14
04
-1
24 i . i . . . . )
1 2 5 6 7 8 9 10 11 12 13
Time [min]
Signal: VWD1 A, Wavelength=250 nm
RT [min] Type Width [min] Area Height
6.897 MM 0.4616 648.7693 23.4232
12.560 MM 0.9463 648.9669 11.4304
Sum 1297.7363

Area% Name
49.9924
50.0076

344

8
VWD1 A, Wavelength=250 nm
=
g
i 2 3 4 5 6 1 & ¢ 10 11 12 13
Time [min]
Signal: VWD1 A, Wavelength=250 nm
RT [min] Type Width [min] Area Height
6.922 MM 0.4667 2084.3877 74.4377
12.672 MM 0.7683 11.3758 0.2468
Sum 2095.7635

Area% Name
99.4572
0.5428

20



5h Racemate

VWD1 A, Wavelength=250 nm
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5h

VWD1 A, Wavelength=250 nm

RRILIBLELYY
e 3SAND &N
-
o
S —— Y

5.937 BB 0.3103
8.332 BB 0.4541
Sum

Time [min]

Signal: VWD1 A, Wavelength=250 nm
RT [min] Type Width [min]

Area
175.6711
167.2617
342.9327

Height
8.8606
5.7892

2
10 " 12 13 14 15
Time [min]
Sl v Signal: VWD1 A, Wavelength=250 nm
512261 RT [min] Type Width [min] Area Height Area% Name
48.7739 5.937 BB 0.3059 737.1537 37.7358 98.6948
' 8.307 MM 0.5535 9.7485 0.2935 1.3052

Sum 746.9022
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NMR Spectra Pertaining to Chapter 4

Appendix D

4a "H NMR
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4a BC NMR
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4a 'H-'H COSY - Full Spectra
CH
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4a "H-'H COSY - Aliphatic Region

Me
Hd Ha/Hc

ij

s
] S
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1.8
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4a "H-"C HSQC - Full Spectra
OH

e
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4a 'H-"C HSQC - Aliphatic Region
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5a '"H NMR
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5a *C NMR
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4b 'H NMR
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4b "C NMR
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5b '"H NMR
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5b ®C NMR
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4c '"H NMR
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4c "C NMR
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5¢ 'H NMR
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4d 'H NMR
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5d '"H NMR
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4e '"H NMR
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LC Chromatograms Pertaining to Chapter 5
P R AN
LCFile |R52155132014-03-3117-09-395YSTEM.D
File Path | C:\CHEM32\1\DATAVAS-RH a §
Date |31-Mar-14, 17:09:58 i
B Sample |R5215513 (| (|
Sample Info | 0.75 mLjmin, 70:30 H20:ACN, 20 min. | ‘ (1
Operator |SYSTEM ’ { .
g Method | ORGANOCATALYSIS 2ND ART.M ’ .
Reference ‘ ' ‘
Analysis Time | 19.997 min ‘ '
Sampling Rate |0.0033 min (0.198 sec), 6000 datapoints ’ ‘ '
“ | | ||
# Time Area Height Width Area% Symmetry ' ' '
1 9.605 3228 150.2 0.3327 | 47.103 | 0.849
D 2 11.226 3625.1 143.8 0.3911 | 52.897 | 0.86 ‘ ‘ r ‘
OH ’ ' ' ll
® | " ||
SO S I
N
0 3 |
. o) |i 1‘ ||
0 ' lI '| ll
| ll | ||
D || | | \
N " N [ ll'v ||| II'.
I [ \ / \\ / \ I|l \
d ;J ‘\j\/’ \\__/"\,/\w\‘ﬁ_mA_- / N e o T KH/ = \-_7,\__ e —
I T T T I T T T I T T T I T T T l T T T I T T T ] T T T I T T T I T T T ]
2 4 6 8 D 2 # B B L

Agilent 1220 Infinity HPLC, AS-RH column (150 x 4.6 mm, 5u), H:O/MeCN (70:30) as a mobile phase; flow rate 0.75
ml./min, column temperature 20 °C, 1236, sample 0.2 mg/mlL dissolved in the mobile phase.
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LC-File [R5212014-03-3117-35-51SYSTEM.D y
K Fie Path | C:\CHEM32\1\DATAWS-RH !
Date |31-Mar-14, 17:36:10 ‘
Sample |R521 ‘ |
Samgle Info | 0.75 mijmin, 70:30 H20:ACN, 20 min. '
Barcode .
Pl Operator |SYSTEM | ‘
Method | ORGANOCATALYSIS ZND ART.M )
Reference ‘
Andlysis Tme |20 min ' ‘
Sampling Rate |0.0033min (0.198 sec), 6001 datapoints
m ||
# Time Area Height Width Area% Symmetry ’ ‘
1 9.514 36.9 1.8 0.3145 0.459 0.995 ‘
2 11.109 8004 310 0.3992 99,541 0.831 ' |
= |
l
»' |
I |
|
| |
LY | 'n
| llI
A'!I l
0 P S T SRS . A \r - B
T T T I T T T | T T T I T T T I T T T I T T T I T | T I T T T I T T T I T T T
2 4 6 8 D 1% % B B L

Agilent 1220 Infinity HPLC, AS-RH column (150 x 4.6 mm, 5u), H:O/MeCN (70:30) as a mobile phase; flow rate 0.75
mL/min, column temperature 20 °C, 1236, sample 0.2 mg/mL dissolved in the mobile phase.
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B 2

LCFile |55132014-03-3118-12-42SYSTEM.D

g File Information
; File Path |C:\CHEM32\1\DATA\ASRH

Date | 31-Mar-14, 18:13:05

Sample [S513
Sample Info |0.75 mL/min, 70:30 H20:ACN, 20 min.
Barcode
Operator |SYSTEM

!

l

?

‘

' Method | ORGANOCATALYSIS 2ND ART.M
‘ ’ Reference

|

|

0

OH Analysis Time | 19,997 min

Sampling Rate [0.0033 min (0.198 sec), 6000 datapoints

# Time Area Height Width Area% Symmetry
9.472 5622.8 252.7 0.3446 96.866 0.827
2 11.105 181.9 7.4 0.3842 3.134 0.875

-

N |
M 1\ '| \ Q

. »_J’ \W’Nﬁ\*/‘[\_./\»_ﬁ_ e ) I"\ _ ﬂ--..-——'/-l-».,vl,,

Agilent 1220 Infinity HPLC, AS-RH column (150 x 4.6 mm, 5u), HxO/MeCN (70:30) as a mobile phase; flow rate 0.75
mL/min, column temperature 20 °C, 1236, sample 0.2 mg/mL dissolved in the mobile phase.
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Appendix F: IR Spectra Pertaining to Chapter 5
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Appendix G: NMR Spectra Pertaining to Chapter 5
7 'H NMR
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7 C NMR

-2E+05

152,51
149,57

F2E+05

—193.38
—143.84

138.25
&

~128.84
~127.34

—109.73

102,22

S-101.84
-56.72

i2
X

-2E+05

~2E+05

<f) X o -2E+05

-2E+05
-DE+05
;1E+05
-1E+05
-1E+05
L1E+05
~1E+05
90000
;sunuu
70000
60000
50000
40000
30000
-20000

~10000

—-10000

--20000
- T T T T -+ T B e e s e T T T T T 1= T - T T -T ™ = T " T T T T

200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 0
f1 {(ppm)

400



McMaster University — Chemical Biology

.
>

Ph.D Thesis — A. J. Nielsen

9 'H NMR

M W m M m M = [=] fo] [=] = [=) [==] = = W
izt = M ~ = = S S = S ] S = 2 = =
it i T T T o ¥ i T T v T T g T T |
0T'2x
1121
ZT'ed
ET'Z
ET'E
ST°E
ST'Z
612
0z
0z'c
Tee = 50T
c&e AzoT
=lars g
: ———= 203
S£'Z
8EE
mm.mw.
Z6'E ;
o — il
£0'F
95'f
hm.vw. —_ =101
5F
£6'S
86'S
86'S =Z0%Z
86'S
] :
zo'T
0o'T

PE'Y
mv.m\
8F'9

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

8.0

11.5 11.0 105 ‘10,00 95 9.0 8.5

12.0

401



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

F2E+05
—2E+05
;2E+05
~2E+05
~2E+05
~1E+05
~1E+05
~1E+05
F1E+05
~1E+05
~90000
~80000
~70000
~60000
~50000
~40000
~30000
20000

~10000

--10000

9 5C NMR
x 5§ o g 2R 2R £ oRE
g g ¢ RF 5 &8 MRS - 5.
ol T — — — —~ —~ M~ 0 n = = M
| TV Y [ LA
| II 1 |

i 1

| [ k
L - sk i

T T I T I 1 T 1 I I I x 1 | I ] Y I I I T |
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
fL (ppm)

402



9 '"H-'H COSY

Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology

. ]
[ ] Ll (]
P ™
] L] i
"
I 1 I ] I 1 1 I | I I 1 I 1
75 7.0 6.5 6.0 5.5 5.0 .5 4.0 35 3.0 25 2.0 15 1.0

403

1.0

i

fl (ppm)



Ph.D Thesis — A. J. Nielsen; McMaster University — Chemical Biology
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10 '"H NMR
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11 'H NMR
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11 ®C NMR
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12'H NMR
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12 BC NMR
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13 '"H NMR
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14 '"H NMR
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14 BC NMR
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15 'H NMR
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15 *C NMR
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16 '"H NMR
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1'H NMR
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