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Abstract

As strains of bacteria continuously evolve and become resistant to modern antibiotics, there
exists a need for the development of new treatments to combat bacterial infection. Staphylococcus
aureus (S. aureus) is known to develop such resistance and remains a leading cause of invasive
infections and biofilm formation on prosthetic medical devices. In 2018, Brumley and Spencer et
al. isolated anaephenes A—C, natural products from a marine bacterium. Anaephene B was of
particular interest as it was the only member of the series to demonstrate moderate antibacterial
activity against S. aureus (MIC = 6.1 pg/mL). Because of the potential clinical utility of anaephene
B, investigation into synthetic production was warranted. A convergent synthesis of anaephene B
will allow for production of the natural product and facile diversification in the production of
analogs containing varied substituents on the aromatic ring and alterations in length, composition,
or saturation of the aliphatic side chain. All analogs will be assayed against S. aureus in an

investigation into the effects of structural modifications on antibacterial activity.



Introduction
Staphylococcus Aureus

For hundreds of years, Staphylococcus aureus (S. aureus) has been an evolving and
dangerous pathogen in humans.! The phenotype of the bacteria is a sphere with a gold pigmentation
that tends to aggregate in clusters.? S. aureus is gram-positive, indicating the presence of a thick
cell wall, and also tests positive for coagulase, an enzyme that causes coagulation of the blood or
plasma by converting fibrinogen, a soluble protein, to fibrin, an insoluble protein that forms a
mesh-like structure and impedes blood flow.> About 30% of the human population are colonized
by S. aureus and several studies have found that 10-20% of the population are consistently
colonized.>™*

Despite there being an abundance of resident bacteria composing the microbiota of the
human skin, including some species of staphylococci, S. aureus is not native to the skin microbiota
and its primary competitor of the region is S. epidermidis.” Several mechanisms are in place to
combat the colonization of the skin by foreign species. For instance, the resident bacteria of the
skin act to protect the body through nutrient competition, competitive binding to epithelial cells,
and by producing antimicrobial peptides and enzymes.> Lysozymes, enzymes found in human
fluids and secretions, exhibit hydrolytic activity that can break down specific foreign entities;
antimicrobial fatty acids produce and maintain the acid mantle, the acidic environment which is a
signature feature of the human skin.> However, S. aureus exhibits resistance to several of these
mechanisms, making it a dangerous adversary to the residents of the skin’s microbiota.
Pathogenesis

Although §. aureus can establish a presence in and on several parts of the body, its primary

reservoir is found in the nares, or the nostrils.? Staphylococci readily adhere or bind to endothelial



cells, which line the organs and cavities of the body, through various adhesin-receptor
interactions.? The function of many S. aureus surface proteins is not known, but a class of surface
proteins known as microbial surface components recognizing adhesive matrix molecules
(MSCRAMMs) mediate attachment to and interaction with host cells.” MSCRAMMs can bind to
ligands through a dock, lock, latch (DLL) mechanism or a protein specific mechanism known as

the collagen hug (Figure 1).”
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Figure 1. Mechanisms of ligand binding for MSCRAMM proteins.” a) Dock, lock, latch (DLL) mechanism. b)
Collagen hug mechanism.

In the DLL mechanism, a ligand enters a trench within the MSCRAMM protein and

induces a conformational change that causes the ligand to be locked in place by portions of the



protein acting as a latch.” The collagen hug mechanism is similar in that collagen enters the trench
of the protein and a conformational change captures or “hugs” the collagen using residues of the
locking domain of the protein.’

The pathogenesis of S. aureus begins with the attachment or adhesion of the bacteria either
directly to an endothelial cell or to a site of damage where platelet-fibrin thrombi have formed
(Figure 2). Phagocytosis allows the bacteria to enter the cell and release proteolytic enzymes
which facilitate the spread of infection to nearby cells and tissue and reintroduction into the
bloodstream. After phagocytosis, endothelial cells will begin to express surface receptors such as
F. receptors, intercellular, and vascular cell adhesion molecules to mediate the attachment of
leukocytes upon release of interleukin-1, -6, and -8. Inflammatory response by endothelial cells
will also result in abscess formation, leading to the development of infection and pathogenesis of
diseases such as infective endocarditis and the formation of biofilms on prosthetic devices such as

pacemakers or catheters.’
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Figure 2. Invasion of tissue by S. aureus. ICAM: intercellular adhesion molecule; VCAM: vascular cell adhesion
molecule; PFT: platelet-fibrin thrombi; ECM: extracellular matrix; TNF: tumor necrosis factor; PMN:
polymorphonuclear leukocyte.?

Treatment

Antibiotics have long been the premier treatment option for combatting bacterial infections
like S. aureus. The discovery and use of penicillin, the first f-lactam employed against S. aureus,
greatly improved the prognosis of patients suffering from bacterial infections.® Other B-lactams
have been developed and used against S. aureus such as methicillin. However, widespread use of
antibiotics has resulted in an increase in resistance to f-lactam drugs and the emergence of drug-
resistant bacterial strains such as methicillin-resistant S. aureus (MRSA), causing difficulty in
treating bacterial infections and underscoring the need for the development of new drugs and

treatments.



S. aureus has evolved in several ways to preserve and protect itself against antibacterial
drugs. Production of the B-lactamase enzyme eliminates the antibiotic activity of B-lactam drugs
by hydrolyzing the B-lactam ring while penicillin binding proteins, anchored in the cell wall,
capture drug molecules (Figure 3).2® Thickening of the cell wall can also contribute to drug
resistance by reducing diffusion of drug molecule into the cell.® As more strains of S. aureus
became resistant to common antibiotics, the use of the glycopeptide vancomycin rose and the
bacteria remained relatively sensitive to the drug.*® However, S. aureus is suspected to have
received a transfer of high-level vancomycin resistance from Enterococcus, endangering the

reliable use of vancomycin as an antibiotic against drug-resistant strains of the bacteria.*’
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Figure 3. Structure of a S. aureus bacterium. Panel A shows a global view of the bacterium with labeled surface
proteins and secreted proteins. Panel B shows a cross section of the cell envelope, comprised of peptidoglycan, which
houses various cell structures, and an outer capsule layer. Panel C shows a general schematic of the anatomy of a cell-
wall anchored protein. TSST-1: toxic shock syndrome toxin 1.2



Because of the increasing prevalence of antibiotic resistance in bacteria, new antibiotics
are being sought and alternative forms of treatment and prevention, such as and anti-adhesives and
vaccines, are being investigated.!®!! Adhesion is a fundamental step toward colonization and,
therefore, if adhesion can be inhibited or prevented, colonization can be reduced or prohibited.
Furthermore, an approach focused on prevention of colonization rather than elimination provides
an advantage in that the evolutionary pressure on the bacteria is reduced.!? Traditional approaches
targeted at reducing microbial viability encourage rapid mutation to mitigate the effects of
antibacterial drugs and to develop resistances, whereas inhibition of colonization leaves the
bacteria vulnerable to an innate immune response. There are several mechanisms of action that can
be used to classify anti-adhesive molecules: bacterial adhesion mimetics (class I), host cell receptor
mimetics (class II), inhibition of biosynthesis of adhesins (class III) or host receptors (class IV),
and the use of antibodies to target bacterial adhesins (class V).!° Class I anti-adhesives mimic
adhesin components of bacteria and competitively bind to host cells while class II inhibitors bind
directly to the adhesin components and interfere with adhesin-host interactions.!*~!> The members
of class III and IV inhibit the biosynthesis of adhesins and host surface receptors, respectively,
which eliminates the opportunity for interaction between the bacteria and host.!*"!® Lastly, class V
inhibitors are antibodies that interfere with host cell recognition by targeting adhesins.!?

Development of antibacterial vaccines, on the other hand, aims to institute a more definitive
prevention method than anti-adhesives by providing full and durable protection from
staphylococcal diseases. Targeted antigens in vaccine development often involve microbial surface
proteins responsible for adhesion to host cells or biosynthetic pathways involved in the
construction of the cell wall.'’'*2° However, despite numerous preclinical studies, many lead

candidates for S. aureus vaccines either never entered phase I clinical trials or were abandoned



shortly thereafter.!! Two phase III trials were interrupted due to ambiguity between patients who
received treatment and a placebo and reports of mortality in subjects.!! As of 2018, no phase II
clinical trials for S. aureus vaccines were active.!! If achieved, a universal S. aureus vaccine would
certainly be a major advancement in preventative medicine, but it is difficult to imagine such a
treatment due to the multitude of staphylococcal antigens and the complexity and variety of the
pathogenesis of the bacteria. In response, individual vaccines for each type of staphylococcal
infection have been proposed, eliciting unique immune responses dependent upon factors such as
the anatomical site of infection.!’
Cyanobacteria

Nature often produces complex and diverse chemical structures and profiles easily,
whereas synthetic production of compounds can be rather difficult. In the search for novel
medicinal agents, natural products from a variety of sources including plants, bacteria, and fungi
have become a huge area of interest and inspiration. In recent decades, pharmaceutical research
has been in the midst of a renaissance in which natural product isolation, synthesis, and
optimization has reemerged as a prominent source of drug molecules.?! Because microalgal
species, such as cyanobacteria, are such an expansive, unexplored kingdom, they provide a rich
source of discovery for drug candidates with a low rate of rediscovery (Figure 4).22 The complex
biosynthetic machinery of cyanobacteria produce some of nature’s most interesting natural
products while simultaneously allowing for their survival in some of Earth’s most extreme

climates.
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Figure 4. Comparison of drug development success from traditional and microalgal sources.?

Cyanobacteria are single-celled organisms capable of photosynthetic oxygen production

and respiratory oxygen consumption and can survive in many extreme environments ranging from

hot, humid springs to arid deserts to the frigid tundra.?3* Their survivability has been attributed

in part to their production of diverse secondary metabolites which, in turn, has become a grand

source of industrially relevant natural products.?*
Compounds produced by cyanobacteria have found
promising application as biofuels, food supplements,
and bioplastics.?>?" Additionally, their production of
bioactive molecules has created a potential for a wide
array of pharmaceutical applications as the secondary
metabolites of cyanobacteria have  exhibited
antibacterial, anticancer, and antiviral activity as well as
and

inhibition of proteases immunomodulatory

activity.2-?

Several natural products isolated from
cyanobacteria have demonstrated antibacterial activity

against S. aureus (Figure 5).2°73! A series of chlorinated

paracyclophanes 1-3, known as carbamidocyclophanes

10
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Figure 5. Various natural products isolated
from cyanobacteria.



A-C, isolated from a cyanobacteria found in northern Vietnam, Nostoc sp., strain CAVN 10,
exhibited moderate antibacterial activity against S. aureus.?® Similarly, a phenolic compound 4
isolated from Nostoc muscorum inhibited the growth of S. aureus and Hapalindole T (5), isolated
from Fischerella sp., demonstrated impressive inhibition of S. aureus with an MIC value of 0.25
ug/mL.3%3! Ag a result of the multitude of reports of antibacterial activity from cyanobacteria
metabolites, there has been a growing interest in discovering and optimizing their pharmaceutically
relevant natural products.

Anaephene B

In 2018, Brumley and Spencer et al. reported on

the isolation and characterization of a trio of natural

3 s 7 9
HO ‘ ‘
products, known as anaephenes A—C (6-8), from a 1 Anaepher?eA(G)
5
cyanobacterium of the marine genus Hormoscilla.?? 1’
1 3 w7
HO 3 T 9
Extraction of 10.81 g of freeze-dried material yielded 1 Anaepher?eB(7)
5
only minute amounts of 6-8 (8.3 mg, 0.5 mg, and 0.4
HO1 3 > — 7 9

5

mg, respectively). Nevertheless, structural elucidation ! Ang'ephenec(s)

via spectroscopic methods revealed that the anaephenes Figure 6. Structures of anacphenes A-C.
were alkylphenols, each containing a different side chain with varying degrees of unsaturation. All
three sport an alkene at C-5’, but anaephene B contains a terminal alkyne and anaephene C has an
additional alkene along the side chain (Figure 6).

Production of compounds containing terminal alkynes and long, unsaturated alkyl chains
is not uncommon for cyanobacteria and many of these natural products display biological activity.

Pitipeptolide A, for example, contains a terminal alkyne and inhibits the growth of some strains of

Mycobacterium tuberculosis.*® Jamaicamide B also contains a terminal alkyne, but instead exhibits
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sodium channel blocking activity.’* Long alkyl chains with varying degrees of unsaturation have
also been reported metabolites from cyanobacterium and have demonstrated potential as medicinal
agents through inhibition of enzymatic activity, for instance.*>-¢ The closest structural relatives to
6-8 are the hierridins, compounds isolated from the marine cyanobacterium Phormidium
ectocarpi, which contain phenols from which long aliphatic tails extend.?”-*8

Because natural products often display potential for medicinal applications, the anaephene
series was assayed for antimicrobial activity against several prominent bacterial targets. The most
notable activity was demonstrated by 7, with a 6.1 ug/mL MIC value against S. aureus.’
Compounds 6 and 8 showed weak or insignificant activity against the assayed bacteria and all
three compounds exhibited insignificant activity against selected cancer cell lines.*? As a result, 7
emerged as a potential candidate for synthesis and optimization to improve its antibacterial activity
and potential for medicinal application.

Initial Retrosynthetic Analysis

In the initial retrosynthetic analysis, the structure of 7 was divided into three fragments,
which created the need to form two C—C bonds, both between sp? and sp® hybridized carbons
(Figure 7). To accomplish C—C bond formation between the fragments, the synthesis was centered
around Suzuki couplings. The base materials consisted of two alkyne compounds, one which will
provide the terminal alkyne and one that can be transformed to contain a vinyl pinacol boronic
ester which could serve as a coupling partner. Because both the alkyl halide and boronic ester will
be primary (i.e. attached to only one carbon), a Suzuki coupling should result in a
thermodynamically favored trans double bond. The phenol fragment, containing another pinacol
boronic ester in the meta position, could be coupled to the constructed chain after it is activated by

the installation of some halide.
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Although the primary goal of the synthesis was to produce 7, the potential for creation of
analogs must also be considered. Due to the convergent methodology, diversification will likely
involve alteration in starting materials. For instance, the substituent(s) of the aromatic ring could
be changed or moved, and the length of the aliphatic starting materials could be adjusted.

, . =
HO/CLI'MI\/\//

Suzukicoupling  Suzuki coupling

HO : ‘Bpin
Hydroboration

. =
BSOS Bpin —— HO/\/\//
— JMS > //
X\/\/ Cl\/\/

Figure 7. Initial retrosynthetic analysis of anaephene B. The target product is shown at the top, with dashed lines
breaking the compound into three fragments which are shown below. The aromatic pinacol boronic ester was
commercially available whereas the starting materials for the other two proposed fragments are shown at the end of
the scheme.

C—C Bond Formation

Suzuki Coupling

The long aliphatic chain extending from the aromatic ring complicated the synthesis
because of the absence of any functional groups that could be used as points of attachment via
methods such as nucleophilic attack, coupling, or reduction. It is also well known that C—C bonds
are difficult to make, and the saturated hybridization of the aliphatic chain only made this more
challenging. To address this obstacle while also implementing the potential for diversification of
the molecule, an initial convergent synthesis was proposed that involved a series of Suzuki

couplings, one of the most common and powerful methods for C—C bond formation.
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Cross-couplings are among the most popular options for constructing a C—C bond, which
utilize a metal catalyst to facilitate bond formation. Coupling chemistry has an extensive history,
dating back to the 19" century when Charles Wurtz reported on the homodimerization alkyl halides
in the presence of sodium.** However, one of the most widely used modern coupling reactions did
not emerge until the 1970s when Akira Suzuki reported on the palladium-catalyzed cross-coupling
between aryl halides and organoboranes.*

Suzuki coupling generally occurs between an organohalide and an organometallic coupling
partner, usually an organoborane, in the presence of a palladium catalyst and a base (Figure 8).!
The mechanistic pathway begins, like many cross-coupling reactions, with an oxidative addition
step in which the palladium catalyst is oxidized from Pd(0) to Pd(Il) as it inserts between the
halogen and its respective alkyl group. At this point, the base, generally an ionic species,
participates in a metathesis step where the anionic component of the base replaces the halogen in
the palladium complex and a salt is formed as a byproduct. The next step in the cycle requires the
activation of the organoborane through a process similar to the aforementioned metathesis step in
which the anionic component of the base bonds to the borane and forms a negatively charged
species, the borate. Once the organoborane has been activated into a borate species,
transmetallation can occur in which an alkyl species of the organoborane is transferred to the
palladium complex and the boron forms a bond instead with the base component that was attached
to the palladium. The final step, reductive elimination, involves the reduction of Pd(II) to Pd(0),
the exit of the palladium from between the alkyl species, and the desired C—C bond formation. The

completion of the cycle restores the starting catalyst which can participate in the cycle again.
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Figure 8. General mechanism of a Suzuki coupling.*!

Preliminary Results

Synthetic Development

The initial synthetic pathway for the total synthesis of 7 involved Suzuki couplings for both
the construction aliphatic chain and the attachment of the chain to the aromatic ring (Scheme 1).
The alcohol of commercially available 9 was protected and the terminal alkyne was subjected to a
Schwartz hydrozirconation to install a vinyl boronic ester. The Suzuki coupling was attempted
with both commercially available 12 and synthesized TMS-protected 5-iodopent-1-yne 13b. One

attempt was also made with 5-iodopent-1-yne 13a, which did not contain a protecting group on
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the terminal alkyne. However, coupling of the boronic ester and alkyl halide always proved

unsuccessful in yielding 14.
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Scheme 1. Generation 1 of synthesis using Suzuki coupling to construct aliphatic chain. (i) TBSCI, imidazole,
DCM,; (i) HB(pin), HZrCp2Cl, 60 °C, neat; (iii) for Table 1, entry 1-3: N/A; for Table 1, entry 5—14: nBuLi, THF, -
78 °C, TMSCI; (iv) for Table 1, entry 1-3: N/A; for Table 1, entry 5-14: Nal, acetone, reflux, 24 h; (v) variable,
refer to Table 1.

The reaction was attempted with varied palladium sources, ligands, bases, and
temperatures (Table 1). Despite this, the desired product was never successfully synthesized. A
hypothesis for the failure of entries 1—4 (Table 1) is the occurrence of agostic interactions between
the exposed terminal alkyne and the palladium catalyst, resulting in no reaction or an amalgam of
undesired side products. With this in mind, entries 5—14 (Table 1) included a protected terminal
alkyne and the halide was kept as an alkyl iodide in order to elevate the reactivity of the coupling

partner, especially since it was an sp? hybridized halide which is uncommon in Suzuki reactions.
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Table 1. Attempted coupling conditions for the joining of aliphatic chain fragments.

Entry | Compound | X R Catalyst Ligand | Base | Temperature (°C)
1 12 Cl H Pd(dppf)Cl» PCy; | CsOH 60
2 12 Cl H Pd,(dba)s PCys | CsOH 60
3 12 Cl H Pd>(dba)s PCys | CsOH 90
4 13a 1 H Pd,(dba)s PCys | CsOH 90
5 13b I TMS | Pd(dppf)Cl> PCy; | CsOH 60
6 13b I TMS | Pd(dppf)Cl> PCy; | CsOH 90
7 13b I TMS Pdy(dba)s PCy; | CsOH 60
8 13b I TMS Pdy(dba)s PCy; | CsOH 90
9 13b 1 TMS Pd>(dba); PCyjs K3POy4 r.t.
10 13b I TMS Pdy(dba)s - CsOH 90
11 13b I TMS Pdy(dba)s - K3POyq4 90
12 13b 1 TMS Pd,(dba)s — Cs2CO3 90
13 13b I TMS Pd(PPhs)4 - K3POyq4 r.t.
14 13b I TMS Pd(PPhs)4 - K3POyq4 60

Table 1. Entries 1-3 were commercially available 5-chloropent-1-yne. The alkyl iodide listed as entry 4 was
synthesized from 4-pentyn-1-ol. Entries 5—14 were synthesized from 5-chloropent-1-yne.

Each attempt resulted in either no reaction, as indicated by the apparent presence of starting
material, or the generation of an undesired product. For instance, when the reaction was attempted
in dioxane at 90 °C with Pdx(dba)s and cesium hydroxide (Table 1, entry 10) there was a promising
NMR spectrum which suggested the aliphatic chain was synthesized, but the TMS-protecting
group was removed in situ. However, without a mass spectrometer, it was difficult to verify the
suspected product. Another possibility may be the occurrence of a nucleophilic attack by the
cesium hydroxide base where the iodide is replaced by a hydroxy group and, subsequently, a C—C
bond was formed between the alkene and terminal alkyne.

Because it is the rate determining step of the catalytic cycle, absence of oxidative addition
during the attempted Suzuki couplings likely led to the plethora of unsuccessful reactions.
Traditional Suzuki couplings generally utilize sp? hybridized organohalides, such as an aryl halide,
where there is a degree of electron deficiency, granting the opportunity for oxidation of the
palladium. In using sp? hybridized alkyl halides, a lack of electron deficiency may have prohibited

the oxidation of the palladium catalyst.
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After no success from this synthetic route, the heavy use of coupling chemistry was
reconsidered. The alternative approach (Scheme 2) included the replacement of a palladium-
catalyzed coupling with an organomagnesium reagent, or Grignard reagent, which would allow
for the attachment of the aromatic ring to a small aliphatic fragment. A magnesium insertion to
form a Grignard reagent was performed on commercially available 15, after which the electrophile,
commercially available 4-bromobut-1-ene, was added. However, the NMR spectra obtained from
attempted reactions suggested that the Grignard was being quenched, but the cause of the
quenching required additional pontification. It was hypothesized that the electrophile, 4-bromobut-
1-ene, was slightly too acidic due to an inductive effect caused by the bromide. The quenching of
the Grignard by this electrophile would result in a TBS-protected phenolic species and a
hydrocarbon, potentially the very stable 1,4-butadiene.

To construct the other fragment, which was planned to serve as an sp? hybridized alkyl
halide coupling partner in another Suzuki reaction, commercially available 1,6-heptadiyne 18 was
subjected to a monoprotection with a TIPS group to afford 19. The TMS group that had previously
been employed for the protection of the terminal alkyne was exchanged for TIPS as it is a larger
protecting group that would ensure durability and grant additional steric protection for the alkyne.
However, the activation of the unprotected terminal alkyne using a Schwartz hydrozirconation to
install a vinyl iodide 20 was unsuccessful. Upon reflection, the transformation of 19 to 20
potentially failed due to the use of a catalytic, rather than stoichiometric, amount of the Schwartz
reagent. Although a catalytic Schwartz hydrozirconation was previously employed to install a
vinyl pinacol boronic ester (Scheme 1), the HB(pin) provided a proton to restore the catalyst. In
attempting to install a vinyl iodide, elemental iodine was used and, therefore, there was no

additional proton available to restore the catalyst.
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Scheme 2. Generation 2 of synthesis using a Grignard reagent to build from aromatic ring. (i) Mg, ether or THF,
r.t—reflux; (ii) 4-Bromobut-1-ene, THF, 0—60 °C; (iii) LIHMDS, THF, -78 °C; (iv) TIPSCI, -78 °C; (v) HZrCp2Cl,
THF, 60 °C. (vi) Iz, THF, -25 °C.

To address the acidity of the electrophile in the Grignard reaction, 4-bromobut-1-ene was
exchanged for a less acidic alkyl species that would allow for coupling off the same fragment 22
without further modification or activation (Scheme 3). However, the reaction proved unsuccessful
after insertion of the magnesium within the C—Br bond was not achieved as indicated by an NMR

spectrum showing the aryl bromide starting material.

i, i
—X—> /@\/\/\ o)
TBSO Br 8BS0 I?o

15 22

Scheme 3. Attempted alternate Grignard reaction with a less acidic electrophile. (i) Mg, THF, reflux; (ii) 2-(4-
Bromobutyl)-1,3,2-benzodioxaborolane, THF.

Due to the difficulties in synthesis that arose from the sensitivity of the aryl Grignard
reagent and the failure in constructing the rest of the aliphatic chain from 18, a new retrosynthetic
analysis was performed (Figure 9). The target compound 7 was divided into two fragments, which
were planned to be joined via a Suzuki coupling. The left half of the molecule was prepared using
a QGrignard reaction, but with a proper difference in acidity between the electrophile and
nucleophile. In preparing an organohalide coupling partner, the hybridization of the alkyl halide

was important to consider. A Takai olefination of an aldehyde would yield a primary vinyl iodide,
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granting a higher degree of electron deficiency for the organohalide compared to that seen in the

initial retrosynthetic analysis.
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/\M
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Figure 9. Revised retrosynthetic analysis of anaephene B. The target product, shown on the left, was divided into two
fragments, seen on the right. Both starting materials were commercially available and could be used to prepare a vinyl
iodide and pinacol boronic ester to be used in a Suzuki coupling.

Beginning with commercially available starting materials, a Grignard reaction and Takai
olefination were used to accomplish the construction of fragments appropriate for a Suzuki
coupling (Scheme 4). Because the magnesium insertion to form an aryl Grignard reagent was
proving unreliable, the revised scheme utilized commercially available allylmagnesium bromide.
Using 23 as the electrophile, a Grignard reaction produced alkene 24, which was subjected to a
hydroboration to yield pinacol boronic ester 25. To synthesize the organohalide coupling partner,
commercially available 9 was subjected to a selective protection of the terminal alkyne before a
selective oxidation of the alcohol to yield 26. A Takai olefination produced vinyl iodide 20, which
can be used as the coupling partner for 25 in a Suzuki coupling to afford 27. Removal of the TIPS
protecting group will reveal the terminal alkyne and demethylation of the aryl methoxy will afford

the desired phenol 7.
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Scheme 4. Generation 3 of synthesis using a Grignard reaction and a Takai olefination in construction of
aliphatic chain. (i) allylmagnesium bromide, THF; (ii) HB(pin), HsB-THF, 60 °C; (iii) ethylmagnesium bromide,
TIPSCI, THF, reflux; (iv) DMP, DCM (v) CrClz, CHI3, dioxane/THF.

With the revisions to the Grignard reaction, the synthesis of the pinacol boronic ester 25
was accomplished easily. However, the newly incorporated Takai olefination proved much more
difficult and required extensive investigation to achieve a productive reaction followed by
optimization of conditions to favor production and isolation of the £ isomer of the alkene product
20 (Table 2). Equivalents, solvent, and addition protocols were the primary variables for creating
productive, stereoselective reactions whereas workup protocols were modified to optimize
isolation. Due to the similarity of the £ and Z isomers, they were not able to be easily separated
and, instead, stereoselective production of the £ isomer was the favored approach for obtaining

diastereomeric purity.
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Table 2. Matrix of reaction conditions for the attempted Takai olefination of 26.

Entry chgﬁilgrlgh Solvent Comments Outcome
1 1:1.15:3 THF? 0 °C; concerted addition SM
2 1:2:6 THF? 0 °C; concerted addition Product (4:1 E/Z)
3 1:4:8 THF® r.t.; stepwise addition SM
4 1:2:8 6:1 dioxane/THF?* | 0 °C; stepwise addition SM
5 1:2:8 6:1 dioxane/THF | 0 °C; stepwise addition Product (8:1 E/Z)
6 1:2:8 THF? 0 °C; stepwise addition Product (6:1 E/Z)
7 1:2:8 THF? 0 °C; stepwise addition Abandoned
8 1:2:8 1:1 dioxane/THF | 0 °C; stepwise addition Abandoned
9 1:1.15:6 6:1 dioxane/THF | 0 °C; stepwise addition Abandoned
10 1:1.15:6 6:1 dioxane/THF | 0 °C; stepwise addition Abandoned
11 1:1.15:8 THF r.t.; stepwise addition | SM/product (6:1 E/Z)
12 | 11158 THF rL; :;e;’g;if tidglznon’ SM/product (6:1 E/Z)
13 1:3:10 6:1 dioxane/THF | "' é‘;j‘;g;e‘:ﬁfr‘;ﬁ“’n’ Product (13:1 E/Z)
14 1:2:8 6:1 dioxane/THF r.t.; concerted addition Abandoned
15 1:2:8 12:1 dioxane/THF | r.t.; concerted addition Abandoned
16 1:2:8 12:1 dioxane/THF | "' é‘;j’;il";eglzfr‘;?on’ Product (10:1 E/Z)

Table 2. *Solvent used was not anhydrous. ® One part THF was added to CrClz to form a slurry and allow complexation
before being solvated by dioxane. E/Z ratios refer to the stereoisomers of the alkene product as determined by 'H
NMR. SM: starting material. r.t.: room temperature.

Previously published methods commonly used THF to solvate the highly air and moisture
sensitive chromium(II) chloride before adding a mixture of aldehyde and iodoform in THF either
at 0 °C or ambient temperatures.*** Other protocols used a dioxane/THF mixture by first
solvating the chromium(II) chloride with THF, then adding dioxane, which tended to produce a
more stereoselective reaction. >4

When attempted with conservative equivalents in THF (Table 2, entry 1), the aldehyde did
not successfully react, suggesting that a larger excess of iodoform and/or chromium was required.
As equivalents were altered, it became clear the reaction was most likely to be successful when

there were at least 2 equivalents of iodoform with respect to the aldehyde. Anhydrous solvent and

inert atmosphere also appeared to influence the success, but may not be required as some trials
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proved successful, nonetheless. For all attempts, the color of the reaction mixture was used as a
qualitative marker to assess if the reaction was proceeding. Successful reactions tended to change
from a grayish tone to a reddish brown, presumably due to creation of free iodide as a result of the
methylene of iodoform complexing to the chromium species. Entries 3—12 (Table 2) investigated
the effect of a stepwise addition (i.e. adding iodoform separate from aldehyde) on the success, but
many of the trials were abandoned due to a lack of appropriate color change. The highest
stereoselectivities of 13:1 of the desired Z isomer were achieved when a slurry of chromium(II)
chloride in THF was created before adding a six- or twelve-fold amount of dioxane (Table 2,
entries 13 and 16).

In addition to being difficult to separate from its Z stereoisomer, it was also troublesome
to separate product 20 from other species in the reaction mixture including any residual chromium
entities, iodoform, and free iodide produced as a result of both the successful reaction and the
decomposition of the light-sensitive iodoform. The presence of chromium was noted by a green
tint to the isolated oil but could generally be removed easily through column chromatography or
filtration through silica or celite. Free iodide caused the isolate to exhibit a pink or purple color,
which was also used as an indicator of the presence of iodoform. To remove free iodide, the
workup protocols were adjusted to include copious amounts of sodium thiosulfate, but removal of
iodoform required further experimentation. Due to the structure and properties of 20, it was
hypothesized that it should be highly soluble in the nonpolar solvent hexanes whereas the polar
iodoform should be less soluble. Upon dissolving a crude isolate of 20 in hexanes, iodoform was
observed to fall out of solution, especially at low temperatures, providing a facile method of

removing the majority of iodoform from the product.
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Future Directions

This project will progress through continued synthetic efforts to produce 7, specifically by
investigating the joining of fragments 20 and 25 via a Suzuki coupling and subsequent deprotection
steps. The synthetic route proposed in Scheme 4 allows for the facile production of the first analog
of 7 by preserving the aryl methoxy rather than removing the methyl group to reveal the phenol.
The synthesis of additional analogs will involve installing other moieties on the aromatic ring,
such as an amino or nitro group, moving the phenol or methoxy around the ring, and altering the
length and saturation of the aliphatic chain. All compounds will not only require full
characterization, but also analysis of antibacterial activity against S. aureus to verify the reported
activity of 7 and to investigate the effects of structural changes on those properties.
Experimental

General procedures. All reactions were performed in oven or flame-dried glassware using
standard Schlenk techniques under a positive pressure of N> unless otherwise noted.

tert-Butyl-hex-5-ynoxy-dimethylsilane (10). In air, compound 10 was prepared according to a
previously published method with minor modifications.*’” Imidazole (1.04 g, 15.27 mmol) was
dissolved in DCM (10 mL). To the stirring solution was added 5-hexyn-1-ol (0.56 mL, 5.09 mmol).
After stirring for several minutes, TBSCI (1.15 g, 7.64 mmol) was added and the white cloudy
solution stirred at r.t. overnight. The mixture was diluted with water and then extracted with DCM.
The organic layer was dried over sodium sulfate and purified via column chromatography (3%
ethyl acetate in hexanes) to yield the product as a clear, colorless oil (1.00 g, 93%). '"H NMR (301
MHz, CDCl3) 0 3.63 (t, ] = 6.0 Hz, 2H), 2.25 — 2.18 (m, 2H), 1.94 (t, ] = 2.7 Hz, 1H), 1.63 — 1.57
(m, 4H), 0.89 (s, 9H), 0.04 (s, 6H).

(E)-tert-Butyldimethyl((6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-1-
yDoxy)silane (11). Hydroboration of 10 was accomplished according to a previously published
method with minor modifications.*” Compound 10 (500 mg, 2.35 mmol) was combined with
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HB(pin)) (274 mg, 2.14 mmol) and Schwartz’s reagent
(HZrCp2Cl) (55 mg, 0.214 mmol) under an N> atmosphere. The reaction was heated to 60 °C and
allowed to stir overnight. The cloudy yellow solution was cooled to r.t. before being purified via
column chromatography (3% ethyl acetate in hexanes) to produce the desired product as a clear,
colorless oil (650 mg, 89%). 'H NMR (301 MHz, CDCl3) 6 6.70 — 6.56 (m, 1H), 5.42 (d, J = 18.0
Hz, 1H), 3.59 (t,J=6.1 Hz, 2H), 2.16 (q, J = 7.2, 6.5 Hz, 2H), 1.54 — 1.44 (m, 4H), 1.26 (s, 12H),
0.88 (s, 9H), 0.03 (s, 6H).
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5-lodo-1-pentyne (13a). Iodination of 4-pentynol was performed according to a previously
published method with minor modifications.*® In air, solid iodine (1.96 g, 7.73 mmol) was ground
into a powder and dissolved in DCM (25 mL). Triphenylphosphine (2.03 g, 7.73 mmol) and
imidazole (526 mg, 7.73 mmol) were added to the mixture. To the stirring mixture, 4-pentynol
(0.55 mL, 5.94 mmol) was added and the reaction stirred at r.t. for 2 h. The reaction was quenched
with saturated sodium thiosulfate solution and the organic layer was washed twice with brine and
dried over sodium sulfate before being purified via column chromatography (1% ethyl acetate in
hexanes) to yield the desired product as a clear, colorless oil (570 mg, 50%). '"H NMR (301 MHz,
CDCl3) 6 3.31 (t,J = 6.7 Hz, 2H), 2.34 (td, ] = 6.8, 2.7 Hz, 2H), 2.05 — 2.00 (m, 1H), 2.01 — 1.97
(m, 2H).

5-lIodopent-1-ynyl(trimethyl)silane (13b). Compound 13b was prepared according to previously
published methods.** A solution of 5-chloropent-1-yne (308 mg, 3 mmol) in THF (3 mL) was
cooled to -78 °C using a liquid Na/ethyl acetate bath. A solution of n-butyllithium (1.6 M in
hexanes, 1.6 mL, 2.6 mmol) was added dropwise. After stirring for 10 min., a solution of
trimethylsilyl chloride (1 M in DCM, 3 mL, 3 mmol) was added dropwise. The reaction mixture
was allowed to slowly warm to r.t. and stir overnight. The cloudy white mixture was added to
water and the aqueous layer was extracted three times with ethyl acetate. The organic layers were
combined and washed once with brine, dried over sodium sulfate, and concentrated in vacuo to
afford a yellow oil. Sodium iodide (1.12 g, 7.5 mmol) was dissolved in acetone (6.25 mL) and the
solution was added to the crude silane. The clear yellow reaction mixture stirred at reflux (60 °C)
for 24 h and was then diluted with hexanes and washed with water twice. The organic layers were
combined, dried over sodium sulfate, and concentrated in vacuo to yield the desired product as an
orange oil (660 mg, 83%). 'H NMR data were in agreement with those reported in literature.*’ 'H
NMR (301 MHz, CDCl3) 6 3.29 (t, J = 6.8 Hz, 2H), 2.36 (t, ] = 6.8 Hz, 2H), 2.00 (p, J = 6.8 Hz,
2H), 0.14 (s, 9H).

1,6-Heptadiyn-1-yltriisopropylsilane (19). Compound 19 was prepared according to previously
published methods with minor modifications.>® A solution of 1,6-heptadiyne (92 mg, 1 mmol) in
THF (5 mL) was cooled to -78 °C in a liquid No/ethyl acetate bath. A solution of lithium
bis(trimethylsilyl)amide (1 M in THF, 1 mL, 1 mmol) was added dropwise and produced a yellow
solution that stirred for 45 min. at -78 °C. Triisopropylsilyl chloride (231 mg, 1.2 mmol) was
dissolved in THF (0.5 mL) and added to the reaction mixture. The mixture stirred at -78 °C for an
additional 2 h before being quenched with saturated ammonium chloride solution (10 mL) and
allowed to warm to r.t. overnight while stirring. The aqueous layer was extracted twice with ether
and the organic layers were combined, dried over sodium sulfate, and purified via column
chromatography (hexanes) to afford the desired product as a clear, colorless oil (120 mg, 48%).
'"H NMR (301 MHz, CDCls) 6 2.44 — 2.30 (m, 6H), 1.96 (t, J = 2.7 Hz, 1H), 1.75 (p, ] = 6.7 Hz,
3H), 1.05 (s, 18H).

[(6E)-7-10odo-6-hexen-1-yn-1-yl|tris(1-methylethyl)silane (20). A 20 mL reaction vial was
charged with CrCl; (389 mg, 3.17 mmol) inside the glovebox. The CrCl, was flame dried under
vacuum and allowed to cool to r.t. before THF (4 mL) was added and mixed for 10 min. A solution
of aldehyde 26 (100 mg, 0.396 mmol) and iodoform (312 mg, 0.792 mmol) in dioxane (1 mL) was
added. The reaction was protected from light with foil and stirred at r.t. overnight. The next day,
the reaction was diluted with ether and washed with saturated sodium thiosulfate (5 x 30 mL),
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water, and brine. The organic layer was collected, evaporated in vacuo, and purified via column
chromatography (hexanes) to yield a clear oil (77 mg, 52%, E/Z 6:1). The Z isomer presents a
doublet at ¢ 6.22 in the NMR spectrum. The E/Z ratio was calculated based on an integral ratio of
the alkenyl protons. '"H NMR (301 MHz, CDCl3) 6 6.50 (dt, J = 14.5, 7.3 Hz, 1H), 6.03 (dt, J =
14.3, 1.4 Hz, 1H), 2.34 - 2.16 (m, 4H), 1.64 (dt, J = 14.5, 7.4 Hz, 2H), 1.05 (s, 21H).

4-(m-Methoxyphenyl)-1-butene (24). Compound 24 was prepared according to previously
published methods.! To a solution of 3-methoxybenzyl bromide (140 pL, 1 mmol) and THF (1
mL) was added allylmagnesium bromide (1 M in diethyl ether, 2 mmol, 2 mL) dropwise. The
opaque solution was allowed to stir overnight at r.t.. The reaction was quenched with saturated
ammonium chloride solution (10 mL) and then diluted with DCM. The aqueous layer was
extracted with DCM twice and the organic layers were washed with water once, dried over sodium
sulfate, filtered through celite, and purified via column chromatography (hexanes) to yield the
desired product as a clear, colorless oil (110 mg, 68%). 'H and '*C NMR data were in agreement
with those reported in literature.! "H NMR (301 MHz, CDCl3) J 7.19 (t, 1H), 6.79 (d, ] = 7.8 Hz,
1H), 6.75 — 6.71 (m, ovlp, 2H), 5.94 — 5.78 (m, 1H), 5.05 (dq, J = 17.1, 1.6 Hz, 1H), 5.01 — 4.95
(m, 1H), 3.80 (s, 3H), 2.69 (t, 2H), 2.37 (q, 2H). *C NMR (76 MHz, CDCl3) J 159.67, 143.63,
138.17, 129.34, 120.95, 115.04, 114.30, 111.14, 55.24, 35.51, 31.70.

2-[4-(m-Methoxyphenyl)butyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (25). Compound 25
was prepared according to previously published methods with minor modifications.? Compound
24 (162 mg, 1 mmol) was combined with HB(pin) (0.16 mL, 1.1 mmol) and H3B-THF (1 M in
THF, 0.1 mL, 0.1 mmol). The colorless mixture was heated to 60 °C and allowed to stir overnight.
The reaction was diluted with hexanes and purified via column chromatography (2% ethyl acetate
in hexanes) to yield a clear, colorless oil (210 mg, 72%). '"H NMR (301 MHz, CDCl3)  7.18 (t, J
=7.4 Hz, 1H), 6.79 — 6.68 (m, 3H), 3.79 (s, 3H), 2.58 (t, 2H), 1.66 — 1.57 (m, 2H), 1.53 — 1.42 (m,
2H), 1.24 (s, 12H), 0.84 — 0.77 (m, 2H). 13C NMR (76 MHz, CDCl3) § 159.62, 144.69, 129.21,
120.94, 114.20, 110.90, 83.00, 55.14, 35.92, 34.17, 24.90, 23.87, 14.23.

6-Triisopropylsilanyl-hex-5-ynal (26). Compound 26 was prepared according to previously
published methods with minor modifications.’* To a solution of 5-hexyn-1-ol (1.12 mL, 10.2
mmol) in THF (20 mL) was added ethylmagnesium bromide (3 M in ether, 7 mL, 21.4 mmol)
dropwise using a slow addition funnel. The light yellow reaction mixture was refluxed (60 °C) and
stirred overnight. A solution of TIPSCI (2.18 mL, 10.2 mmol) in THF (2 mL) was added dropwise
at r.t. and the cloudy solution was refluxed (60 °C) and stirred for 6 h. The clear reaction mixture
was quenched with 3 M HCl and extracted with ethyl acetate. The organic layer was washed with
brine, dried over sodium sulfate, and concentrated in vacuo to yield the protected alkyne as an oil.
After being diluted with DCM (1 mL), the protected alkyne was added to a solution of Dess-Martin
periodinane (4.54 g, 10.71 mmol) in DCM (35 mL). Water (0.192 mL, 10.71 mmol) was added
and the cloudy white reaction mixture stirred at r.t. for 30 min before being poured into a 1:1
solution of sodium bicarbonate and sodium thiosulfate. The mixture was extracted with DCM and
the organic layer was washed with saturated sodium bicarbonate once then with brine before being
dried over sodium sulfate and purified via column chromatography (hexanes, then 10% ethyl
acetate in hexanes) to afford a yellow oil (1.76 g, 68%). '"H NMR (301 MHz, CDCl3) 6 9.81 (t, J
= 1.4 Hz, 1H), 2.62 (t, J = 7.3 Hz, 2H), 2.33 (t, J = 6.8 Hz, 2H), 1.85 (p, J = 7.0 Hz, 2H), 1.05 (s,
21H). 3C NMR (76 MHz, CDCl3) 6 202.04, 107.52, 81.63, 42.80, 18.71, 17.79, 12.36, 11.32.
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