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Abstract

Ebselen is a synthetic selenium-containing organic compound that has been studied as a potential
treatment for a number of conditions. Ebselen is an antioxidant, capable of scavenging peroxide
and other reactive oxygen species. This research is focused on the preparation of novel ebselen
derivatives towards biologically active compounds with tunable redox properties and
pharmacokinetics. Currently we are exploring different synthetic routes towards ebselen, which
are compatible with desired modifications to the ebselen scaffold including replacement of the
phenyl group with different aryl or heteroaryl moieties, as well as functional group substitution
on the benzisoselenazolone ring. The pathways investigated include a recently published

transition metal-mediated method as well as a novel approach using isocyanates.
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1 Introduction

1.1  Reactive Oxygen Species

Reactive oxygen species (ROS) are highly reactive oxygen containing chemical species that are
known to react destructively with various essential cell components such as lipids, proteins and
DNA.! Excessive levels of ROS such as superoxide (O27), peroxynitrite (ONOO™) and hydrogen
peroxide (H20>) are implicated in various age-related diseases, such as cancer, Parkinson’s and
diabetes.® These ROS are naturally produced by aerobic organisms during essential cellular
processes such as metabolism.®# Mitochondria process oxygen and as a result they are
responsible for the production of a large percentage of a cell’s ROS. Oxidative damage to the
mitochondria, as well as to DNA, is associated with aging. The production of ROS and the
damage associated with them is also known to increase with age.® The rapid aging of small
animals compared to large ones is often attributed to their higher rate of metabolic activity, and
therefore greater production of ROS.* Due to the damage they are associated with causing, ROS
were initially assumed to be unwanted yet unavoidable byproducts of vital biological reactions.
However, more recent research shows that ROS production is necessary for various cell
signalling pathways as well as for proper immune system function.® The hydroxyl radicals (OHs)
formed by the decomposition of intracellular hydrogen peroxide cause oxidative damage and cell
signalling issues which lead to disease, but if the concentration of hydrogen peroxide is too low,
problems arise with cell signalling and homeostasis is lost.! Reactive oxygen species are also
necessary for the destruction of bacteria by macrophages and to control the release of insulin by
pancreatic cells.> Antioxidants, which act as ROS scavengers, have been promoted heavily as a
method of protecting against oxidative stress. The role of ROS in an organism is complex, and

studies of lower organisms such as flies and worms have shown an increase in lifespan when



their internal ROS levels are increased.>® In order to keep ROS at a healthy concentration, all

organisms contain antioxidant systems to neutralize excess ROS.®

1.1.1  Endogenous Antioxidants

The production of ROS in cells is ubiquitous and several antioxidant enzymes exist to neutralize
them before they can react with essential cell components. The superoxide dismutase (SOD)
family of proteins catalyzes the conversion of superoxide to hydrogen peroxide.! This hydrogen
peroxide then goes on to be converted to water through the action of intracellular peroxidases.
These intracellular peroxidases have a redox active functionality in their active site which
facilitates their oxidation. Some examples include catalase, which contains an iron in its active
site, peroxiredoxins which contain cysteines in their active sites and glutathione peroxidases
(GPx) which contain selenocysteines in their active sites. A related enzyme, thioredoxin (Trx),
has the role of reducing (thus regenerating) active site disulfides/diselenides of peroxidases,
allowing them to react once again with ROS. By disabling these enzymes, biochemists can cause

a buildup of hydrogen peroxide in order to study the effect of ROS.3

1.1.2  Glutathione Peroxidase and Selenoproteins
Selenium was not known to be an essential trace element until the first isolation of a
selenoprotein in the 1970°s where it was discovered as part of the active site of GPx in the form

of selenocysteine (Figure 1).
o]

HSe/\HkOH

NH,

Figure 1: Selenocysteine



Selenocysteine is the selenium analog of the sulfur containing amino acid cysteine. It is
considered the 21 amino acid yet it is not coded for directly in DNA. Sulfur and selenium are
both chalcogens with similar chemical properties, and thus many cysteine containing enyzmes
will behave the same way if cysteine is replaced by selenocysteine. However, selenocysteine has
a lower reduction potential than cysteine, and the selenol functionality has a lower pKa than
thiols, These properties are crucial for the antioxidant activity of selenoenzymes and
selenoproteins and distinguishes them from their sulfur counterparts.” For these reasons,
elemental selenium, a precursor for the biosynthesis of selenoenzymes and selenoproteins, has

been linked to various health benefits such as a decreased risk of cancer.®

The glutathione peroxidases, using glutathione (GSH, Figure 2) as a substrate, act as a natural

defense against ROS.°

SH
O o H
N
NH, o}

Figure 2: Glutathione (GSH)

All four of the unique GPx that have been identified in mammals contain selenocysteine in their
active site.X? This selenium atom is essential for its activity; exchanging it for sulfur has been
shown to cause a drop in activity by 2-3 orders of magnitude.** Scheme 1 illustrates the catalytic
cycle of GPx. The active site selenol of GPx reduces a hydroperoxide, being itself oxidized to the
corresponding selenenic acid. The selenenic acid then reacts with glutathione creating a
selenylsulfide which can be reduced back to a selenol by reaction with another molecule of

glutathione, creating the disulfide dimer. This dimer can then go on to be reduced by



nicotinamide adenine dinucleotide phosphate (NADPH) into two units of GSH via an enzyme

catalyzed reaction.

GSSG ROOH

E-SeH
NADPH
GSH ROH

E-SeSG E-SeOH

E-SeH=GPx| H20 GSH

Scheme 1: GPx-catalyzed H202 Reduction

1.2 Control of Oxidative Stress

Since ROS are present to some extent in healthy cells, and since organisms have a variety of
ways to neutralize these species, it is difficult to obtain statistically relevant data when testing the
efficacy of an antioxidant drug. Nevertheless, various antioxidants are being used as treatments
for the damage caused by excess ROS.2 Experiments have been performed where the enzyme
SOD was administered to patients. Esters of glutathione have also been synthesized, the ester
group improving membrane transport. One of the first drugs approved as an ROS scavenger was

edaravone (Figure 3).2

Figure 3: Edaravone

Another well-known antioxidant is N-acetylcysteine (NAC) (Figure 4).?



SH

O
Figure 4: N-acetylcysteine

The synthesis of GSH within cells relies on cysteine as a limiting precursor and as such
administration of NAC raises intracellular GSH. N-acetylcysteine also behaves as an antioxidant
on its own. Its antioxidant ability is aided by the nucleophilicity of its thiol functionality and by
redox interactions with other chalcogens.> A promising and rapidly growing class of
antioxidants are the organochalcogen enzyme mimetics. Ebselen (Figure 5) was the first such
compound shown to exhibit GPx mimicry but since its discovery a variety of different GPx

mimics have been synthesized.
0

Cre-O

Figure 5: Ebselen

1.2.1 A Brief Overview of Organoselenium Nomenclature
Organoselenium nomenclature parallels that of organosulfur. Figure 6 shows some common

bonding arrangements of selenium and the names attributed to them.



Se* [SeSel* HO-Se-OH R;-Se-S-R,
selenide diselenide hyposelenious acid selenyl sulfides
S
Ri-Se-R; R,-Se-Se-R, R-Se-OH R-SeH R-Se
seleno ethers diselenides selenenic acids  selenols selenolates
selenides
selanes
J 0 s B9
Ry e‘Rz R1—S“e-R2 R I SeN)LR
lo) 1—Se-OH H 2
selenoxides selenones  seleninic acids selenyl amides

Figure 6: Selenium Naming Conventions

Ebselen is a benzisoselenazolone and therefore a selenyl amide. The name benzisoselenazolone

is derived from oxazole. Substituting oxygen for the heavier chalcogen selenium gives a

selenazole. The addition of a carbonyl oxygen would make a selenazolone and the fusion of a

benzene ring gives a benzisoselenazolone (Figure 7).

5 1 5 1 5 1 4 O
/ O\ / Se / Se 5 c A3,
4 N2 4 N2 4 NH 2 d NH 2
3 3 3 6 eS/ea
o 7 1

1,2-oxazole 1,2-selenazole 1,2-selen§zol-3(2H)-one benzo[d][1,2]selenazol-3(2H)-one

@)

e
Se

ebselen
2-phenylbenzo[d][1,2]
selenazol-3(2H)-one

Figure 7: Origin of Ebselen’s IUPAC Name

1.2.2  Ebselen and Other Selenyl Amides

Ebselen is the first selenium compound shown to exhibit minimal toxicity in rats (LDso 110

mg/kg).2? It is a lipid soluble benzisoselenazolone/selenyl amide that is an antioxidant and a GPx

mimic. * It also has been found to have antioxidant, anti-inflammatory and anti-cancer




properties.!* Originally, researchers were hesitant about its potential as a medicine due to the
toxicity associated with organoselenium compounds. It was first assumed that it functioned by
providing a bioavailable source of selenium to aid cells in GPx synthesis, however tests on cells
with depleted GPx did not show restored GPx activity upon administration of ebselen.’* Many
mechanisms have been proposed to explain the pharmacology of ebselen, usually showing
ebselen being reduced to the corresponding selenol (Scheme 2), and then going through a variety

of transformations until being regenerated.

O
NI Ve
Cre-0 = O
Se [0]

SeH

Scheme 2: The Relationship Between Ebselen and its Corresponding Selenol

Recent DFT calculations however suggest that ebselen is never reformed and instead cycles

between a selenol, selenyl sulfide, and selenenic acid form.!

RSSR d O ROOH
NADPH )/ SeH
ROH
: : : :SeSR d
SeOH

ebselen

2

Scheme 3: Proposed Mechanism of Ebselen’s Activity



As shown in Scheme 3, ebselen reacts with an endogenous thiol (RSH) to form the open ring
selenyl sulfide. This can react with another thiol, generating a selenol and disulfide (RSSR). The
selenol is the active antioxidant and reduces a molecule of hydrogen peroxide (or another ROS),
generating water and a selenenic acid. The cycle then continues when the selenenic acid reacts

with another thiol, generating water and another selenyl sulfide.

1.2.3  Diselenides

Diaryl diselenides also function as GPx mimics. It was originally thought that the Se-N bond was
necessary for ebselen’s effect due to its low bond strength, but in 1989 N,N-dimethylbenzyl
amine diselenide (see Scheme 4), which lacks a Se-N covalent bond, was found to have

peroxidase activity an order of magnitude greater than that of ebselen.!t

Scheme 4: Proposed Mechanism of Diselenide GPx Mimicry

Scheme 4 is an example of a mechanism proposed for the GPx activity of diselenides. As with
ebselen, the active antioxidant is in the form of a selenol/selenolate. As diaryl diselenides are
easier to synthesize than benzisoselenazolones, it would be useful to develop their potential as

antioxidants.



1.2.4  Selenides
Dialkyl and diaryl diselenides have also been shown to exhibit peroxidase activity. Interestingly,

the proposed mechanism of their behaviour (Scheme 5) does not involve a selenol/selenolate.!

H,0, OOH
7/\& Se OH
"
R,-Se-R, L%- Se e (R PhSH
a R2
\ / hSSPh )R- Se OSPh H2O
o PhsH Rz
Ry~Se-OH
Rz
Cc

Scheme 5: Mechanism of H202 Reduction by Selenides in Presence of PhSH

As shown in Scheme 5, the active antioxidant is thought to be a hydroxyl perhydroxy selane (i.e,
). Unlike benzisoselenazolones and diselenides which need to be reduced before they can
function as anti-oxidants, selenides (a) must first be oxidized to the corresponding selenoxide

(b), a slow step which limits their catalytic activity.

1.2.5  Existing derivatives

A large variety of selenides, diselenides and selenyl amides have been synthesized in order to
study their GPx mimicry. A NO2 group ortho to selenium (Figure 8) has been found to increase
activity although it is uncertain whether it does this by electron withdrawing ability or by

providing steric bulk around selenium.®



N—Ph
Se

NO,
Figure 8: Nitro Ebselen

The replacement of the carbonyl group with a methylene unit (Figure 9) decreases the activity of

benzisoselenazolones by an order of magnitude.®

S
Se

Figure 9: Deoxyebselen

Research is also being done into creating hybrid molecules, where the ebselen moiety is part of a
larger medicinal compound. Due to Alzheimers being related to ROS, researchers have created

hybrid molecules of the Alzheimers drug donepezil and ebselen (Figure 10).%
N C N C

0 0
/O /O

N

o o Se

Donepezil Hybrid

Figure 10: Donepezil and its Ebselen Hybrid

Hybrids of tacrine (Figure 11), a cholinesterase inhibitor also used for Alzheimers have also been

reported.'®

10



@) R
HN’@r1\/ N-se
NH,
N
o ~ R' = H or OMe
/ N
N
Tacrine Hybrid

Figure 11: Tacrine and its Ebselen Hybrid

Ideally, these strategies would lead to the discovery of a single drug that could be administered

to a patient that performs multiple unique functions inside the body.

1.2.6  Limitations and Challenges

While organoselenium compounds hold promise in the field of pharmacology, they are not
substrate specific and because of this they can cause unpredictable biological effects. The
exposed selenium atom allows for unintended reactions with thiols within the body. An excess of
GPx mimics can also disrupt signalling pathways. Structural changes that increased the activity
of ebselen type compounds were also shown to increase the toxicity.** Until recently this class of
compounds were considered to have no medicinal value and were known for being toxic,
difficult to purify and extremely malodourous and hence progress in the field was slow.® It is
likely that the increasing interest in this field will lead to discoveries that will overcome these

limitations.

1.3  Project Goals
The goal of this project is to synthesize a library of previously unreported analogs of ebselen, in
addition to developing a reliable synthetic procedure, to provide tools towards the evaluation of

their biological activity.

11



1.4 Synthesis of Ebselen

14.1 From Anthranilic acid

Ebselen was first synthesized by Weiss in 1922 in 3 steps from anthranilic acid (Scheme 6).%°

o) o)
H 0 o
o-" 1)NaNO,, Hel oy SOCI, DMF Ph—NH,
> ’ Cl N—Ph
NH 2) [Se,]* Se reflux S‘CI MeCN A
H 1 ©

Scheme 6: Original Ebselen Synthesis from Anthranilic Acid

Despite being the most common method of synthesizing ebselen, it is known to produce the
lowest yields compared to other literature methods. Due to the multistep nature of this protocol,
it is less ideal for the synthesis of ebselen and its derivatives as it requires more time and

resources than more elegant methods.

1.4.2 From Benzanilide

In 1989, Engman et al. published a one-pot synthesis of ebselen from benzanilide (Scheme 7).2
o) o}

N/Ph 1) BulLi -
| N—Ph
H 2) Se Se

3) CuBr,, THF

Scheme 7: Synthesis of Ebselen from Benzanilide

This procedure allows for a fast, simple synthesis of ebselen, however, benzanilide cannot be

substituted with anything that is sensitive to butyl lithium.

12



1.4.3 From o-halobenzanilides

A cross-coupling synthesis of ebselen was published in 2010 by Balkrishna et al.?2

o) Cul o
N’Ph 1,10-phenanthroline -
H Se, K,CO5 N-Ph
Br Se

Scheme 8: A Cross-Coupling Route Toward Ebselen

This synthetic procedure holds a lot of promise for the synthesis of novel compounds. A variety
of substitutions should be able to tolerate the reaction conditions, making it ideal for the

synthesis of new ebselen derivatives.

1.4.4  Novel Approaches
During the course of research, several unpublished synthetic routes towards ebselen derivatives

were pursued.

1.44.1 C-H Bond Activation

Carbon-hydrogen bond activation reactions are synthetically useful methods of functionalizing
unsubstituted saturated and unsaturated organic compounds. Typically unreactive, an
unsubstituted (C-H) aryl carbon can be functionalized after the generation of an organometallic
species. A recent example of this class of reactions was reported by Qui et al. in 2015 and is

shown in Scheme 9.2
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)\ H + PhSSPh > )\ SPh
N N 2 eq CuBr, NN

v DMF, 140 °C, 24 h U

Scheme 9: Synthesis of an Aryl Sulfide via C-H Bond Activation

In our search for a reliable procedure to synthesize ebselen analogs, this type of methodology

will be applied in an effort to substitute aromatic hydrogens with selenium.

1.4.4.2 Directed ortho Metalation

Directed ortho metalation (DoM) is a process by which a reaction can be regioselective for the
ortho position. It involves the use of a strong alkyl lithium base as well as a directed metalating
group (DMG) on the aromatic ring being substituted. The directed metalating group first
coordinates with the alkyl lithium which deprotonates the ortho position. The o-lithiated
intermediate is stabilized by coordination with the DMG. The addition of an electrophile leads to
substitution at the desired (ortho) position.?* Alcohols protected with the MOM protecting group

have been shown to ortho direct lithation (Scheme 10).2°

O/
) 1) TMEDA, n-BulLi ) /]<

/\/\© 3) 1M HCI ] /\/\©/§O

Scheme 10: Synthesis of an Aryl Amide via Directed o-Lithation

It was thought that a variety of N-substituted derivatives of ebselen could be synthesized

through substitution of a phenyl selenide compound with different isocyanates (Scheme 11).
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_DMG _DMG O

Se Se 0
BuLi . RNCO
-------- > Li R HN-R ----»
N-R
Se /
[ Se

DMG

Scheme 11: Proposed Route to Benzisoselenazolones

This could potentially be achieved by starting with a phenyl selenide that contains an o-
metalating group. Once the phenyl selenide is synthesized, it could be used as a precursor for

various N-functionalized derivatives simply by reacting the o-lithiated compound with different

isocyanates.
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2 Results and Discussion

2.1  Attempting the Cross-Coupling Procedure

In 2010, a copper-catalyzed cross coupling synthesis of benzisoselenazolones was reported by

Balkrishna (Scheme 12).%2
Cul
1,10-phenanthroline
Q = Se, K,CO3 o
N g N-R
H DMF, 110 °C N~
X 89, Se
X = Br, 78% _
X = Br (1) X = |, 84% R=Ph (3)
X=1(2)

Scheme 12: A Cross-Coupling Route Toward Ebselen

Originally, our main objective was to apply this method to the synthesis of various analogs of
ebselen in order to have them tested for their biological properties. The precursor amides were
synthesized in good to moderate yield from their corresponding benzoyl chlorides (see section
4.1) Yields of over 80% are reported in the literature for the cross coupling reaction but attempts
at reproducing these results led to substantially lower yields. A significant portion of the starting
material was consumed to form a side-product that was difficult to separate from the synthesized
ebselen and no reaction conditions were found that eliminated the production of the side-product.
Even with a TLC rf separation of over 0.1 (0.27 and 0.13 for the side-product and ebselen in
chloroform, respectively) it was difficult to obtain clean ebselen by column chromatography.
This was apparent by the characteristic amido singlet at 10.43 ppm in the *H-NMR spectrum.?
This is possibly due to of the poor solubility of the side product in the column solvent. It was not

until a method of purifying the side product was developed that the side-product was identified

as 2,2'-selenobis(N-phenylbenzamide) (Figure 12) via *H-NMR.?®
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Figure 12: 2,2'-Selenobis(N-phenylbenzamide)

The palladacyclic precatalyst 5, comprised of palladium and the SPhos ligand (Scheme 13) was

also used to synthesize ebselen (in 46% yield), however the side-product was still produced.

Pd-precatalyst
? . sexom o @(\
N = N—Ph pd
H DMF, 110 °C ) c’ L
Br Se

1 3 59
® ® ® P Cr
PCy, PCy, P(t-Bu), PCy, MeO PCy,
L: MeO ! OMe iPr ! iPr iPr ] iPr QiPr ] OiPr iPr ] iPr
i-Pr i-Pr i-Pr
SPhos XPhos t-BuXPhos RuPhos BrettPhos
5 6 7 8 9

Scheme 13: First Generation Buchwald-Hartwig Precatalysts Used in Cross-Coupling

Palladium catalyzed syntheses of benzisoselenazolones have not yet been reported in the literature.
Other palladium precatalysts (6-9) were applied to this methodology (Scheme 13) with reactions
being monitored by TLC for the presence of ebselen but none were found to be more effective than
Pd-SPhos (5). No catalyst system led to the complete consumption of starting material and TLC
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analysis of the reactions showed the presence of ebselen and the related monoselenide (4). The

exception was Pd-XPhos (6) which led to no visible reaction as determined by TLC.

Various reaction conditions were applied toward the synthesis of ebselen. Initially, the work-up
consisted of dissolving the reaction mixture in DMF and extracting it with % saturated NaCl ag).
This led to a yield of 4%. The literature workup involves pouring the reaction mixture into a
saturated NaClg) and collecting the precipitate. When following the literature procedure exactly
on the same scale, a yield of 15% was obtained. The same conditions, except with KOtBu instead
of K2COs as the base increased the yield to 30%. Using Cs2CO: as the base led to a crude product
mixture, whose *H-NMR spectrum did not contain the doublet signal characteristic of ebselen at &
8.09 ppm. Performing the reaction in open air as opposed to under nitrogen atmosphere also did
not lead to the production of ebselen. Employing KOtBu as the base and also changing the order
of addition of reagents so that Cul was added last when the mixture was already hot, led to even
higher yields (40%). The highest yield obtained was 57% from a microwave reaction in DMF for

5 minutes at 180 °C but this was not found to be reproducible.

The poor and inconsistent yields prompted a greater emphasis on keeping reactions free of air,
light and water. Copper iodide was purified by dissolving in a boiling aqueous solution of sodium
iodide and then inducing precipitation by dilution. DMF was transferred directly from a new Sure
Seal ® bottle and stored in a glove box under a dry, nitrogen atmosphere. It was degassed via a
freeze pump thaw cycle immediately prior to use. The reaction was repeated, closely following the
literature procedure and more consistent results were obtained than previously achieved. However,
it appeared that a significant portion of the starting material was still being consumed to create the
byproduct previously observed but not characterized. Column chromatography was attempted with

various solvent conditions and consistently resulted in coelution of both ebselen and the side
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product. Experiments were done to see if the side product could perhaps be the corresponding

selenol (Figure 13).

Figure 13: 2-Hydroseleno-N-phenylbenzamide

Samples of the side product were treated with the oxidant CuBry, to see if it could be oxidized into
ebselen but they were unsuccessful. By experimenting with different solvent systems it was found
that the solubility of the side product in ethyl acetate and chloroform was noticeably lower than
that of ebselen. Taking advantage of this, the side product was isolated from ebselen for the first
time and its 'H-NMR data matched the literature spectrum for 2,2'-selenobis(N-

phenylbenzamide).?®

Interestingly, the authors of the original Cul mediated ebselen synthesis published a paper in 2015
showing that when using N-t-butyl benzamide (11), they obtained the corresponding monoselenide

(12) as opposed to the desired benzisoselenazolone (Scheme 14).%

Cul 0 J<
o 1,10-phenanthroline N
J< Se, K,CO3 H
@fj\N - Se O
|

H DMF, 110 °C
NH

A

1 12
71%

Scheme 14: Balkrishna’s Unintended Selenide Synthesis
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They attribute this to the steric bulk of the t-butyl group and make no mention of this happening
to any extent when starting from benzanilides. Some selected cross coupling experiments are

shown in Table 1 and Table 2.

Table 1: The Effects of Solvents and Ligands on the Cul Catalyzed Ebselen Synthesis

Entry | 1 (mmol) Solvent Catalyst Se(eq)  Compounds
Observed

1 0.36 DMF Cul, TMEDA 1.2 No reaction
2 0.36 DMF Cul,DACH 1.2 1/4
3 0.36 DMF Cul,Proline 1.2 1/4
4 0.36 DMF Cul,Bipy 1.2 No reaction
5 0.36 1,4-dioxane Cul, phen 1.2 1/3
6 0.36 1,4-dioxane Cul, DACH 1.2 1/4
7 0.36 1,4-dioxane Cul, Proline 1.2 1/3
8 0.36 toluene Cul, phen 1.2 1/3/4
9 0.36 toluene Cul, DACH 1.2 1/4
10 0.36 toluene Cul, proline 1.2 No reaction
11 0.36 DMF Cul, phen 1.2 No reaction
12 0.36 DMF Cul, DACH 1.2 1/4
13 0.36 DMF Cul, proline 1.2 1/4
14 0.36 DMF( air) Cul, phen 1.2 1/4
15 0.36 1,4-dioxane (open air) = Cul, DACH 1.2 No reaction
16 0.36 toluene (open air) Cul, proline 1.2 1/4

Reactions were conducted at 80 °C, using K2CO3 as the base.
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Table 2: The Effects of Bases on the Cul Catalyzed Ebselen Synthesis

Entry 1 (mmol) Solvent Se (eq) Base Compounds
Observed

1 0.36 1,4-dioxane 1.2 K2COs3 1/3

2 0.36 t-butanol 1.2 K2COs3 1/3

3 0.36 toluene 1.2 K2COs3 1/3/4

4 0.36 DMF 1.2 K2CO3 No rxn

5 0.36 DMF 1.2 N/A No rxn

6 0.36 DMF 1.2 NEts No rxn

7 0.36 DMF 1.2 HMDS No rxn

8 0.36 DMF 1.2 Pyridine No rxn

Reactions were conducted at 80 °C, using 10 mol% Cul/phen

From these experiments, no conditions were found that led to complete consumption of the starting
material. In every case where ebselen was formed, it appeared as a very faint spot by TLC analysis
compared to the starting material. However, it is important to note that conditions were found that
appeared to favour the formation of monoselenide over ebselen and vice-versa. Further
experiments should be done in order to investigate selectivity and to find conditions that lead to
greater conversion of the starting material. The cross-coupling methodology was also applied to

the synthesis of a methyl analog of ebselen (Scheme 15).

Cul
e} 1,10-phenanthroline o
Se, KOtBu
N > N
H DMF, 110 °C S0
Br e
13 14

23%

Scheme 15: Synthesis of Methyl Ebselen

Additional derivatives were not synthesized as efforts were directed towards reaction optimization.
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2.1.1  Toward an Organic Selenium Source

Dibenzyl diselenide was synthesized in order to see if it could be used as an organic source of
selenium. The reaction was performed following a literature procedure for a phase-transfer
synthesis of dibenzyl diselenides.?® PEG-200 was substituted for PEG-400 due to availability. The
first trial yielded no product. A second trial was done with vigorous stirring and provided a poor

yield of the desired diselenide (Scheme 16).

Br Se, PEG-200
NaOH aq /@
- .Se
Se
©) toluene, 70 °C @A

15 16
8%

Scheme 16: Synthesis of Dibenzyl Diselenide

The idea was not pursued further because of the low yield obtained.

2.2  Attempts at Ebselen via Directed Lithiation
Unable to replicate the yields reported for the copper catalyzed synthesis, our focus shifted towards

the 1989 protocol for the synthesis of ebselen from benzanilide described by Engman (Scheme

17).21
0 O O 0
Ph 2 €q Buli _Ph| Se _Ph| 2eqCuBr;
N~ B ——— N B —— N B — e
0 0°C Li | 30min Li -78°C N-—Ph
THF Li SelLi 30 min Se

Scheme 17: Synthesis of Ebselen from Benzanilide
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This involves using butyl lithium to generate a dianionic species which then reacts with Se°. The
best yield obtained was 88% following a modified procedure. During column chromatography it
was noticed that foul smelling, low boiling, yellow oils eluted immediately upon commencing the
purification and were suspected of being butyl selenides or diselenides due to them containing
what appeared to be butyl groups (and no aromatic protons) by *H-NMR analysis. To minimize
the formation of low boiling, likely poisonous byproducts, 1.9 equivalents of BuLi was used rather
than 2. The crude material was purified by flash column chromatography without performing
extractions beforehand. Instead of the literature procedure where the reaction mixture is poured
into a 1% (v/v) aqueous solution of AcOH and then extracted with DCM, the modified procedure
involved adding a drop of 50% (v/v) AcOH to the reaction mixture, diluting with THF, filtering

through celite and evaporating the solvent using a rotary evaporator.

It was thought that N-substituted analogs of ebselen could be made by synthesizing

benzisoselenazolone first and then functionalizing the nitrogen atom in a further step (Scheme 18).

o 1) 2 BuLi, o o
2) Se ArX
NH, 3)CuBr > NH o Pd N-Ar
2 Se Se
20 21

Scheme 18: Possible Route to Ebselen Analogs

Attempts made using benzamide as a starting material were unsuccessful. This was first performed

in THF (Scheme 19).
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1) 1.9 eq BuLi, THF, O /OQ
NH, 0°C, 30min . N
2) Se (black), 30min H
3) 2 eq CuBr,, -84°C,
30min
20

22

Scheme 19: Unexpected Result of Benzamide Cyclization Attempt in THF

The results of this experiment were unexpected and 1 and 2-dimensional NMR experiments were
performed to identify the product.

H OHh fo) H?_l
H o 9f Mg
| R T
H
Ho 43 H, ?—Ie He
J " ) ff ,/ /
Ho f f

He

Hf

Ho Ho*

He

He
Hd

4 100q
0.99{

T
5.5 0

T
4.5 4.0 3.5 3.0
f1 (ppm)

Figure 14: 'H-NMR of Unintended Product
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Figure 15: 3C{*H}-NMR of Unintended Product
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Figure 16: *H-'H COSY of Unintended Product

From the COSY experiment, it is observed that there is correlation between Hg and Hg+ and
between He and He+. From the HSQC (Figure 17) we see that Hg/Hg+ are both bound to the same
carbon (C9) and He and He* are also both bound to the same carbon (C7). This indicates that the

protons in question are diastereotopic and therefore the molecule has a stereocenter.
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Figure 17: HSQC of Unintended Product

An HMBC (Figure 18) was also run to assist with assigning all atoms of the molecule.
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Figure 18: HMBC of Unintended Product

The reaction was repeated in Et,O and this time the N-butylated derivative was obtained (Scheme

20).

o 1.1.9 eq BuLi, ether, Q
0°C 30min . NN
2. Se (black), 30min H
3.2 eq CuBr,, -84°C,
20 30min 23

Scheme 20: Unexpected Result of Benzamide Cyclization Attempt in Et2O
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After observing peaks in the alkyl region of *H-NMR that resembled a butyl group, the obtained

13C spectrum was compared to a literature spectrum of N-butyl benzamide and found to be identical

(see appendix for spectral data). 2°

Because of the failures of using benzamide, its N-BOC protected derivative was synthesized

(Scheme 21).

0]

©)LNH2

20

1 eq Et3N o o
1 eq DMAP )J\ J<
> N” SO
2 eq BOC,0 &
DCM 23
30%

Scheme 21: BOC Protection of Benzamide

The BOC protecting group was chosen due to the simplicity of its removal and because the electron

withdrawing nature of the additional carbonyl group would make the amide nitrogen more acidic.

An attempt was made to synthesize the corresponding benzisoselenazolone but it was unsuccessful

(Scheme 22).

1. 1.9 eq BuLi, THF, @)

0°C, 30min 0
. N
2. Se (black), 30min <o 0%
3.2 eq CuBr,, -84°C,

30min

Scheme 22: Attempted Cyclization of N-BOC Benzamide
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The directed-metalation methodology was also applied to the synthesis of a methyl ebselen

derivative (Scheme 23) in an unsatisfactory yield (27%).

0 Q/ 1.1.9 eq BuLi, THF, ?

0°C, 30min

©)J\NH n @ﬁN@

2. Se (black), 30min Se
3.2 eq CuBr,, -84°C,

24 30min 14
27%

Scheme 23: Synthesis of a Methyl Derivative of Ebselen
2.3  Attempts at Ebselen via Diazonium Displacement

2.3.1  Classic Synthesis

Anthranilic acid (25) can be used to synthesize the ebselen precursor, 2,2’-bisbenzoicacid
diselenide (26) via diazotization (see Scheme 24).3° A diselenide anion source is needed for the
introduction of selenium. In the past, Na° NaBHa, rongalite (29, Scheme 28) and hydrazine have

been used to generate the diselenide anion.
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Scheme 24: Original Ebselen Synthesis from Anthranilic Acid

2.3.2  Sodium Hydride as a Reductant

The diazonium salt 28 was synthesized in aqueous solution via the use of hydrochloric acid and
sodium nitrite (Scheme 25). The synthesis of diselenide 26 (Scheme 26) was performed
successfully in 46% yield using NaH in DMF to generate Na,Se,.3! An aqueous solution of
diazonium 28 was then slowly added to the Na>Se, solution. The product was purified by
dissolving it in aqueous base, filtering and then collecting the precipitate that formed after drop
wise addition of HCI until a pH of about 2 was reached. The obtained *H-NMR spectrum (see

appendix) had chemical shifts identical to a literature entry for this compound.?

1) HCI (conc) o

o}
2) NaNO,
OH > OH
H,0, 0°C ® o
NH, N2 CI
25 28

Scheme 25: Formation of Diazonium Salt 28
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Scheme 26: Synthesis of Diselenide 26

The reaction was also performed using t-butyl nitrite, following a literature procedure (Scheme
27).3 This allows for the entire reaction to be performed in organic solvent, however, the attempt

was unsuccessful.

O

OH t-BuONO, TMSN4
» NO reaction
NH, CH;CN

25

Scheme 27: Attempt at Organic Diazonium Formation

2.3.3  Rongalite as a Reductant

The diselenide was also obtained using rongalite (29, Scheme 28) to reduce Se®in the presence of
sodium hydroxide. This was performed following a literature procedure however this gave a lower
yield and it was more challenging to purify the crude product due to the formation of

byproducts.3%-3
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Scheme 28: Mechanism of the Reduction of Selenium by Rongalite

2.3.4  Magnesium as a Reductant

During a routine cleaning of a flask with methanol that had previously been used to generate a
selenyl Grignard reagent (see section 2.4), an exothermic reaction was observed, turning the
solution in the flask red and heating it to a boil. Although the flask had sat out in open air for over
a day, it appeared the magnesium had not been oxidized until the addition of the methanol. A look
into the literature found that magnesium can be used to generate ‘“bismethoxymagnesium
diselenide”™ from methanol and selenium, which can be used as a source of the nucleophilic

diselenide anion.%®

Mg
S —_— CooHgo04MgeSe
e MeOH 2282024 VIQe€6
"bismethoxymagnesium diselenide"

Scheme 29: Reduction of Selenium via Magnesium

An experiment was then undertaken to intentionally generate a selenium nucleophile by reduction
of elemental selenium in the presence of magnesium and methanol. This route led to a mix of

products and a low crude yield.

™ The crystal structure of “bismethoxymagnesium diselenide” showed this reagent to actually be dodecamethanol-
tetramethoxy-di(u4-hydroxy)tetra(u3-methoxy)hexamagnesium hexaselenide.
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2.4 Possible Route From o-lithiation of Protected Selenol

~

(0]
Br MgBr SeMgBr k
Se
_O_Cl3e

EtZO reflux 0°Ctort

reflux
R=H 30 R=H 32 R=H 34 R
R=t-butyl 31 R=t-butyl 33 R=t-butyl 35 R=H, 37 65% (from

bromide)

R=t-Bu 38 35%
(from commercial
Grignard)

Scheme 30: Synthetic Route Toward MOM-Protected Phenyl Selenols

Due to the challenges encountered in forming the C-Se bond through other methods, it was
envisioned that it could be incorporated through Grignard chemistry as in the literature synthesis

of phenyl selenol 39 (Scheme 31).%

1) Mg
Br 2) Se SeH
__3)HCI _ +  MgBrCl
Et,O
30 39

Scheme 31: Literature Synthesis of Phenyl Selenol via Selenyl Grignard Formation

By quenching selenyl Grignard 34 or 35 (Scheme 30) with MOM-CI in place of HCI, the product
of the reaction would be a MOM protected selenol. MOM protected phenols have been shown to
direct lithiation to the ortho-position.?® If the same was applicable for the MOM protected selenol
it would allow the phenyl amide moiety of ebselen to be incorporated via the reaction of
phenylisocyanate and the ortho-lithiated protected selenol. An oxidative ring-closure and selenol

deprotection sequence would then yield ebselen (Scheme 32). This method would be advantageous

34



as it would allow for the synthesis of N-substituted derivatives of ebselen simply by using different

isocyanate reagents.

Se

Li
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Scheme 32: Proposed Benzisoselenazolone Synthesis from Protected Selenol 37

2.4.1  Synthesis of a Protected Selenol

MOM protected phenyl selenol 37 was first synthesized via Grignard chemistry using
bromobenzene (30). Following the formation of the Grignard reagent, elemental selenium was
added to the mixture, which was then quenched with a solution of MOM-CI (36, (Scheme 30).
After purification via column chromatography in DCM, a 65% vyield and clean *H-NMR (Figure

19) and 3C-NMR (Figure 20) were obtained.
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Figure 19: 'H-NMR of MOM-Protected Selenol

Because '’Se is NMR active and has a natural abundance of 7.63%, satellites are observed on the
methylene singlet occurring at 5.30 ppm (J = 20.0 Hz). This provides convincing evidence that

the product formed is the desired product. Both the methylene singlet at 5.30 and the methyl singlet

at 3.36 also exhibit 13C satellites.
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Figure 20: 3C-NMR of MOM-Protected Selenide

Similar ’Se satellites are observed on the peak at 74.3 ppm in the 3C-NMR spectrum (J = 77.8,

Figure 20) providing evidence that selenium has been incorporated into the molecule.

The tert-butyl MOM-protected selenide was synthesized first from 4-tert-butyl-bromobenzene and
then from pre-purchased 4-tert-butylphenylmagnesium bromide. This was to provide an
integration handle for the alkyl region of *H-NMR, as well as symmetric aromatic signals. The

bulky t-butyl group may also disfavour undesired lithiation at the meta positions. Crude *H-NMR
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data was obtained and an expansion of the methylene region (as identified in the previous product)

(Figure 21) showed a mix of products with the same satellite pattern.

5.45
5.35
5.26

~o
kSe
38

Figure 21: Expansion of 1H-NMR Spectrum for 4-t-butylphenyl MOM Selenide

This result could be explained by the formation of the corresponding selenone (42) or selenoxide

(43, Figure 22).
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Figure 22: Possible Byproducts of Selenide Synthesis

These byproducts would have the same splitting patterns on 'H-NMR and thus further

spectroscopic techniques are required to identify the desired product.

24.2 Directed Lithiation Trials

A lithiation and subsequent isocyanate quench was performed following a procedure designed for

MOM protected alcohols (Scheme 33). 2°

O/ -~

] 1) 1.3 eq TMEDA, 1.3 eq n-BulLi )O J<
2) 9 eq t-BuNCO, -5°C to rt, O/N e
3) 1M HCl
44 45

Scheme 33: Literature Procedure for Directed Lithiation Followed by Isocyanate Quench

The first attempt at adapting this procedure for MOM-protected selenols was unsuccessful

(Scheme 34).
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1) TMEDA, 1.3 eq ~
BuLi, 1.3 eq k
Se -78°Ct0 0°C, 5h Se O

/—O

2) PhNCO, 9 eq NP
0°C to rt, O/N H
3) 1 M HCI 5q)

Et,0 41

0%

37

Scheme 34: Attempted ortho-lithiation/Aromatic Substitution

Dichloromethane was used for extraction and upon contact with the reaction mixture it warmed up
considerably. This was unexpected as addition of HCI solution was assumed to have quenched any
remaining aryl lithium species, which could have reacted with the electrophilic DCM. Analysis of
the recovered crude material via *H-NMR was not promising and the reaction was deemed

unsuccessful.

Reactions were undertaken to test if the MOM group could direct lithiation and if the phenyl amide
moiety could be incorporated. This involved attempting lithiation via BuLi or LDA and quenching
with Mel or D20 to provide a quick way (using *H-NMR spectroscopy) to see if o-lithiation was

successful (Scheme 35).
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Scheme 35: Test to Indicate Whether or not o-Lithiation Occurred

A report from 1975 describing the cleavage of aryl-Se bonds with BuLi was found after an
exploration into past literature (see Scheme 36).%” The reaction investigated led us to believe that

these MOM protected selenides would not be able to withstand lithiation conditions.

-BuLi
ph~ SO~ - g No” + Li—Ph
-78°C, 1 hr
37 THF 49 50

Scheme 36: Published Reaction Between MOM-protected Selenol and BuL.i

2.5  Possible Route via C-H Bond Activation

Attempts were made towards forming the benzisoselenazolone ring via C-H bond activation. In a
paper published in 2015, a palladium catalyzed C-H activation of an N-pyrimidin-2-yl amide
followed by the formation of an aryl sulfide was exhibited (Scheme 37).2% It was thought that
elemental selenium could be used as opposed to the organic dichalcogenide used in the literature.
Due to selenium existing as an octacyclic species, both the literature and proposed reactions

involve the breaking of a chalcogen-chalcogen bond.
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Pd(OACc), (10 mol%)

)\ H + PhSSPh > )\ SPh
) smgmn oy
51 52 53

Scheme 37: Sulfenylation of a Carbazole via C-H Activation

The pyrimidinyl amide 54 was chosen due to its potential coordinative ability (Scheme 38).%
0
@NH Se, 2CuBr,, 2KOtBu o Ny
> /
NN 10 mol% Pd(OAC), SS%ND
L DMF

54

Scheme 38: C-H Activation Experiment on a Pyrimidinyl Benzamide

The same conditions were also applied to benzanilide (Scheme 39).

0
@)LNH Se, 2CuBr,, 2KOtBu O
0 } N
10 mol% Pd(OAc), <% @
DMF
17 3

Scheme 39: C-H Activation Experiment on Benzanilide

A summary of the reaction conditions applied can be seen in Table 3.
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Table 3: C-H Bond Activation Attempts

Starting Solvent Base Catalyst CuBr2 | Outcome

Material

54 DMF KOtBu 10% Pd(OAC)2 2 eq No Rxn.

54 DMF Cs2CO3 10% Pd(OAC)2 2 eq No Rxn.

17 DMF KOtBu 10% Pd(OAC)2 2 eq No Rxn.

17 DMF Cs2CO3 10% Pd(OAC)2 2 eq No Rxn.

54 1,4-Dioxane | KOtBu 10% Pd(OAC): 2 eq Hydrolysis of
amide

54 1,4-Dioxane | Cs2COs 10% Pd(OAC): 2 eq Hydrolysis of
amide

17 1,4-Dioxane | KOtBu 10% Pd(OAcC)2 2 eq No Rxn.

17 1,4-Dioxane | Cs2COs 10% Pd(OAC): 2 eq No Rxn.

54 1,4-Dioxane | N/A 10% Pd(OAcC)2 2 eq No Rxn.

54 DMF N/A 10% Pd(OAC)2 2 eq No Rxn.

No trials led to any reaction except for the hydrolysis of 54 in the presence of 1,4-dioxane and

base.

2.6 Generation of Selenium Nucleophiles
A paper published by the Balkrishna group in 2014 led us to consider using sources of selenium

other than Se®, in the copper catalyzed cross-coupling methodology.* They were able to synthesize
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substituted benzisoselenazolones without the use of the Cul, phenanthroline catalyst system

(Scheme 40).

KOtBu, Se _ R _

DMF, 110°C

55 56
Scheme 40: Cul/phen-Free Literature Benzisoselenazolone Synthesis

The authors claimed that a reaction between KOtBu and Se®, formed the nucleophilic [SeOtBu]*
anion. With this in mind, a series of experiments were undertaken in an attempt to generate

selenium nucleophiles and react them with o-iodobenzamides.

Selenium was first treated with a base or reducing agent in DMF. At the same time, in another
flask, copper-iodide and 1,10-phenanthroline were stirred together in DMF in an effort to make
the corresponding copper complex. The aryl iodide 2 was then introduced to the catalyst mixture
and the whole solution was added to the flask containing selenium. Table 4 contains a summary

for reactions performed.
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Table 4: Attempts at Synthesizing Ebselen via Generation of Selenium Nucleophiles

Reagent Temp Starting |3 (d at|d at | s at
material | 8.09) 8.55 9.10
1 eq K2COs3 110 °C Consumed | N Y N
1 eq KOtBu 110 °C Consumed | N Y Y
1eq NaH 70 °C Consumed | N Y Y
2 g NaH 70 °C Consumed | N Y Y
1 eq rongalite | 70 °C Present N N N
H2N3, LiOH 120 °C Consumed | N N N

The sodium hydride reactions were performed following the same literature procedure described
in section 2.3.2.3! The hydrazine reaction was modelled after a literature procedure (Scheme 41).3°
Each reaction led to the complete consumption of starting material except for the reaction where
selenium was prestirred with rongalite. However, a base is necessary for the mechanism of
reduction via rongalite and therefore the reactions should be redone prestirring with rongalite as
well as a base. These reactions were worked up via precipitation from saturated NaClq) and
analyzed by 'H-NMR. None of the NMR samples of the crude material shimmed well but the
spectra obtained were clear enough to rule out the presence of ebselen and starting material.
Interestingly, several of the crude samples displayed a doublet at 8.55 ppm on *H-NMR. This
product has not yet been identified. The spectra were compared to literature spectra for ebselen
and its related mono and diselenide and were not found to contain them. The reactions where NaH

or KOtBu was used also displayed an unidentified singlet at 9.10.
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1) LiOH, 3.6 eq, rt
2) HyN5-H,0, 8 eq, 120°C, 15 min

3) iodobenzanilide, 1 eq, rt->120°C, 20h o

Se - N
4) sat. NaCl, rt, 20h /

Se

DMF

Scheme 41: Synthesis of Ebselen via Selenium Reduced by Hydrazine

2.7  Engman Synthesis Revisited
After finding the lithiation route toward ebselen to be the most reliable, it was decided that this
route would be used to synthesize novel derivatives. Compound 60 does not exist in the literature

and it and its derivative could be obtained starting from p-aminobenzoic acid (PABA) (Scheme

42).
HO (@]
cl_O ©/ @ 0
N
HO___O 1) BuLi !
1) SOCI, 2) se Se
2) NH2Ph 3cusr, _
———> HN__O N_ P
S/e
NH»

Scheme 42: Proposed Synthetic Pathway Toward Novel Ebselen Derivatives

2.8  Preparation of Amide Precursors

In order to simplify *H-NMR analysis, diamide 61 (Scheme 43) was chosen as the first target.
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61 62
Scheme 43: Cyclization of Target Diamide to Yield a Novel Ebselen Derivative

The synthesis of amide 61 was attempted (Scheme 44), loosely following a literature procedure

for reaction of anthranilic acid with benzoyl chlorides.

HO___O
O

THF

>~ HN_O

NH,

57
63

Scheme 44: Synthesis of 4-(4-methylbenzamido)benzoic acid

During work-up, the reaction mixture was poured into 1 M HCI and a precipitate formed, was
collected by filtration, and found by *H-NMR to be p-toluic acid. It was hypothesized that the acid

chloride remained unreacted until the work-up.

The reaction was repeated in neat pyridine and the product showed pyridine contamination by *H-

NMR as well as 2 singlets as opposed to the single expected methyl singlet (Figure 23).
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Figure 23: *H-NMR of Crude Product in DMSO

A drop of D20 was added to the NMR tube to aid in identifying exchangeable protons (Figure 24).

This caused the downfield proton resonating at 10.45 ppm to be reduced in intensity considerably,

providing evidence that it is the carboxyl proton.
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Figure 24: 'H-NMR of Crude Amide in DMSO + D20

The solid mass was washed with Et2O in an effort to remove pyridine. Further analysis needs to
be done to decide if the extra singlet is due to contamination or due to the presence of rotational

isomers.

2.9 Future Work

The cross-coupling reactions performed suffered low yields due to monoselenide formation. Diaryl
monoselenides have medicinal value and a method for their simple preparation would be valuble.
Further exploration needs to be done into which ligands, solvents and substrates favour selenide
formation over benzisoselenazolone formation and vice-versa in order to optimize methods to

selectively synthesize either the isoselenazolone or selenide product. The relationship between the
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N-substituent and the extent of monoselenide formation should be investigated in an effort to verify
Balkrishna’s hypothesis regarding the effect of steric bulk. Various substitutions on the amido

nitrogen would be tested and the ratio of selenide to benzisoselenazolone would be observed

(Scheme 45).
Cul o
1,10-phenanthroline R
o} : .
Se, K,CO;3 o N
N - + se HN-R
H DMF, 110 °C N-R
Br Se o

Scheme 45: Analysis of Substituent Effect on Selenide Formation

Efforts were unsuccessful in synthesizing benzisoselenazolone via directed metalation but its
synthesis has been reported by Balkrishna et al. via the copper catalyzed methodology. If N-
substituent size does control selenide formation, it would be expected that the lack of an N-
substituent would lead to less selenide formation and therefore higher yields than those obtained
for ebselen. While Balkrishnas group does not mention monoselenide formation in any of their
benzisoselenazolone syntheses except for the N-t-butyl analog, they do report a higher yield for
benzisoselenazolone than ebselen.?? The benzisoselenazolone synthesized could then be

functionalized via a Buchwald-Hartwig type cross-coupling reaction (Scheme 46).

Cul
1,10-phenanthroline
O ’
Se, K,CO;4 O o O
NH, - - .
DMF, 110 °C NH Ar-X N—Ar
| Se Se
2 21

Scheme 46: Possible Route to Ebselen Analogs via Cul and Pd-Catalyzed Cross-Coupling
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As it has now been shown that palladium catalysis can be used to obtain benzisoselenazolones,

experiments should be done to evaluate different ligands and optimize yields (Scheme 47).

o) Pd, Ligand 0
Ph Se, base
N -
H DMF ©f/</N—Ph
| Se
2 3

Scheme 47: Palladium Catalyzed Ebselen Synthesis

The directed metalation synthesis of benzisoselenazolones should be applied towards the synthesis
of novel benzisoselenazolones based on the scaffold shown in Figure 25 in order to generate a
library of compounds for biological testing. The starting benzamides would be synthesized from

PABA and a library of derivatives.

60

Figure 25: A Scaffold for Derivitization

3 Conclusion
While complications arose during the synthesis of ebselen, viable pathways were discovered. The
optimization of the o-metalation reaction led to an 88% yield which was higher than reported in

the literature). While the milder conditions of the cross-coupling would be ideal, the issue of
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monoselenide production still needs further investigation. This could lead to higher yields of

ebselen or to a simple procedure for the synthesis of medicinal diarylselenides.
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4 Experimental

General Information

Nuclear magnetic resonance (NMR) experiments were done with a Bruker 400 MHz NMR
spectrometer. Melting points were obtained in open air using a Fisher-Johns melting point
apparatus and are uncorrected. All dry solvents were obtained from sure-sealed containers, from a
solvent purification system or were distilled immediately prior to use. DMF for cross-coupling
reactions was subjected to a freeze-pump-thaw cycle prior to use. TLC analysis was done using
silica gel 60 F244 aluminium-backed TLC plates. Flash column chromatography was performed
using Silicycle® 230-400 mesh silica gel. BuLi solutions were titrated against menthol with 2,2’-
bipyridine as an indicator. Reagents were sourced from Sigma-Aldrich unless otherwise noted. All
transition metal catalyzed reactions were performed under nitrogen atmosphere. All spectral data
is located in the appendix. NMR data was obtained using a Bruker Avance 400 Mhz instrument.

All reported *C-NMR data was *H-decoupled.

4.1 Benzamides

General procedure

DCM, pyridine

N > Xy NHR
NHR  + R 0°Ctor.t. RS
= =

To a solution of the appropriate amine (1.2 eq, 2.4 M) and pyridine (2 eq, 4.1 M) in DCM at 0 °C
was added dropwise via dropping funnel, a solution of the necessary benzoyl chloride (1.0 eq, 2.1
M) in DCM. The reaction was allowed to warm to room temperature and stirred for 12 hours. The

reaction mixture was extracted five times with 0.1 M HClg), once with saturated NaHCO3(q) and
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once with saturated NaClag), the organic layer was dried with MgSO4 and the solvent was removed
via rotary evaporator. The obtained solid was washed with diethyl ether to remove pyridine and
no further purification was necessary. An additional portion of clean product was obtained via

crystallization from the ether filtrate.

54
N-(pyrimidin-2-yl)benzamide
Yield: 7.5 g (75%) mp 144.5-146 °C *H NMR (400 MHz, (CD)sSO) & 10.98 (s, 1H), 8.73 (d, J =
8.0 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.63-7.47 (m, 3H), 7.25 (t, J = 4.0 Hz, 1H). *C NMR (101
MHz, (CD)sSO) 5 166.0, 158.8, 158.7, 134.7, 132.5, 128.8, 128.7, 117.8
0

:le/Ph
N

H

I

2
2-iodo-N-phenylbenzamide

Starting acid chloride was prepared by refluxing 2-iodobenzoic acid in SOCI, overnight followed

by the removal of SOCI> by rotary evaporator.

Yield: 15 g (75%) mp 148-151 °C *H NMR (400 MHz, CDCl3) & 7.89 (d, J = 8.0 Hz, 1H), 7.63 (d,
J=8.0 Hz, 2H), 7.58 (s, 1H), 7.52-7.46 (m, 1H), 7.45 — 7.32 (m, 3H), 7.22 — 7.07 (m, 2H). 13C
NMR (101 MHz, CDCls) § 167.3, 142.1, 140.0, 137.6, 131.5, 129.1, 128.6, 128.3, 124.9, 120.2,

92.4.
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2-bromo-N-(2-nitrophenyl)benzamide

Yield: 2.4 g (48%) mp 100-102 °C *H NMR (400 MHz, (CD3):CO) & 10.40 (s, 1H), 8.65 — 8.50
(m, 1H), 8.22 (d, J = 8.4 Hz, 1H), 7.84 (dd, J = 7.9 Hz, J = 7.9 Hz, 1H), 7.78-7.70 (m, 2H), 7.56
(dd, J = 7.4 Hz, J = 7.4 Hz, 1H), 7.48 (dd, J = 7.6 Hz, J = 7.6 Hz, 1H), 7.43 (dd, J = 7.8 Hz, J =
7.8 Hz, 1H). 3C NMR (101 MHz, CDCls) § 166.3, 137.5, 136.9, 136.1, 134.4, 134.0, 132.1, 129.3,

127.9, 125.9, 123.9, 122.5, 119.6.

O

_Ph
©\)J\N
H
Br

2-bromo-N-phenylbenzamide

Yield: 5 g (99%) mp 110-112 °C *H NMR (400 MHz, (CD3)2CO) & 9.50 (bs, 1H), 7.82 (d, J = 7.8
Hz, 2H), 7.67 (dd, J = 8.0 Hz, J = 0.6 Hz, 1H), 7.57 (dd, J = 7.6 Hz, J = 1.7 Hz, 1H), 7.47 (td, J =
7.4 Hz, J = 0.8 Hz, 1H), 7.42-7.22 (m, 3H), 7.13 (t, J = 7.4 Hz, 1H). *C NMR (101 MHz,

(CD3)2C0O) 6 165.9, 137.8, 137.7, 133.4, 131.4, 129.4, 129.0, 127.5, 124.8, 120.2, 119.4.

L
H
Br

2-bromo-N-(4-methoxyphenyl)benzamide
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Yield:1.2 g (40%) mp 153-155 °C *H NMR (400 MHz, (CD3)C0) § 9.31 (s, 1H), 7.73 (d, J = 9.0
Hz, 2H), 7.66 (d, J = 8.0 Hz, 1H), 7.59 — 7.51 (m, 1H), 7.46 (dd, J = 7.1 Hz, J = 7.1 Hz 1H), 7.41-
7.34 (M, 1H), 6.94 (d, J = 9.0 Hz, 2H), 3.80 (s, 3H). *C NMR (101 MHz, CDCls) § 165.4, 156.9,

137.9, 133.5, 131.56, 130.6, 129.9, 127.7, 122.0, 119.3, 114.3, 55.5.

e

2-bromo-N-(2-methoxyphenyl)benzamide

Yield: 2.3 g (78%) mp 90-91 °C 'H NMR (400 MHz, (CDs)CO) & 8.79 (s, 1H), 8.4 (d, J = 7.8
Hz, 1H), 7.69 (d, J = 8.0 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.49 (dd, J = 8.0 Hz, J = 8.0 Hz, 1H),
7.44-7.36 (m, 1H), 7.16-6.96 (m, 3H), 3.87 (s, 3H). 3C NMR (101 MHz, (CD3)2CO) & 165.2,

149.0, 139.0, 133.2, 131.3, 129.3, 127.9, 127.7, 124.3, 120.5, 120.3, 119.0, 110.7, 55.4.

cand

2-bromo-N-(p-tolyl)benzamide
Yield: 2.7 g (90%) *H NMR (400 MHz, DMSO) § 10.37 (s, 1H), 7.71 (d, J = 7.9 Hz, 1H), 7.61 (d,
J=8.3Hz, 2H), 7.56 — 7.45 (m, 2H), 7.41 (ddd, J = 7.7 Hz, J = 7.7 Hz, J = 1.7 Hz, 1H), 7.15 (d,
J =8.3 Hz, 2H), 2.28 (s, 3H). *C NMR (101 MHz, CDCls) § 165.4, 156.9, 137.9, 133.5, 131.6,

130.6, 129.9, 127.7, 122.0, 119.3, 114.3, 55.5.
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N-(p-tolyl)benzamide

Yield: 4.8 g (96%) *H NMR (400 MHz, (CD3);CO) § 9.41 (s, 1H), 7.98 (d, J = 7.3 Hz, 2H), 7.72
(d, J = 8.3 Hz, 2H), 7.60-7.40 (m, 3H), 7.16 (d, J = 8.2 Hz, 2H), 2.30 (s, 3H). *C NMR (101 MHz,

(CDs)2C0) 6 165.2, 137.0, 135.6, 133.0, 131.3, 129.0, 128.3, 127.4, 120.2, 20.0.

4.2 BOC-Protected Benzamide

1 eq EzN
Q 1 eq DMAP Q i J<
NH, - N" 0
©)L 2 eq BOC,0 ©)J\,L|
20 DCM 03
30%

tert-butyl benzoylcarbamate

A solution containing triethylamine (1.2 mL, 8.25 mmol) and DMAP (1 g, 8.25 mmol) was
charged with 1 g (8.25 mmol) of benzamide. The solution was then cooled to 0°C and 3.6 g (16.5
mmol) of BOC anhydride were added. The reaction was allowed to warm to room temperature and
was stirred overnight. The organic layer was then was then extracted with 3 times with 0.1 M
HClg), once with saturated NaHCOz(aq) and once with saturated NaCl (ag). The organic layer was
then dried with MgSO4 and removed via rotary evaporator. Column chromatography (20% EtOAc
in hexanes) yielded a bright white powder. Recrystallization from ethyl acetate provided needle-
like crystals.

Yield: 0.9 g (30%) 'H NMR (400 MHz, CDCl3) § 8.04 (s, 1H), 7.83-7.78 (m, 2H), 7.58-7.52 (m,
1H) 7.48 — 7.52 (m, 2H), 1.52 (s, 9H). 3C NMR (101 MHz, CDCls) § 165.3, 149.7, 133.4, 132.7,

128.8, 127.5, 82.8, 28.0.
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4.3 Selenides

Cul

o 1,10-phenanthroline
/@ Se, K,COj4
N
H DMF, 110 °C
|

4
2,2'-selenobis(N-
phenylbenzamide)

Copper iodide (114 mg, 0.6 mmol) and 1,10-phenanthroline (108 mg, 0.6 mmol) were stirred in 3
mL of DMF at room temperature for 15 minutes. lodobenzanilide (0.97 g, 3.0 mmol), selenium
(0.29 g, 3.6 mmol) and potassium t-butoxide (0.53 g, 4.7 mmol) were then added sequentially. The
reaction was heated to 110 °C and monitored by TLC. After 12 hours, the reaction was poured into
60 mL of saturated brine solution and stirred for 3 hours. The mixture was then filtered through a
Buchner funnel, washed with H20 and dried in air. Column chromatography was performed in
20% EtOAcC in hexanes. The collected solid was then further purified by washing it with ethyl
acetate to remove ebselen.

Yield: 0.25g (35%) 'H NMR (400 MHz, (CD3)2S0) & 10.41 (s, 2H), 7.75-7.60 (m, 6H), 7.50-7.25
(m, 10H), 7.09 (dd, J = 7.4 Hz, J = 7.4 Hz, 2H). 23C NMR (101 MHz, (CD3):S0) & 167.2, 139.6,

139.4, 134.5, 132.3, 131.3, 129.1, 128.6, 127.7, 124.2, 120.42.
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37
(methoxymethyl)(phenyl)selane

To a 100 mL 3-neck flask containing 40 mL of diethyl ether were added 0.29 g of magnesium
turnings (11.93 mmol, 1.2 eq) and a small crystal of iodine. This mixture was allowed to stir until
it became colourless, at which point 1.0 mL (9.94 mmol, 1 eq) of bromobenzene were added. The
solution was then warmed until reflux. Elemental selenium (0.744 g, 9.42 mmol, 0.95 eq) was then
added slowly at a rate that maintained the refluxing of the solvent without further heating. The
solution was then added drop wise to a stirring 0 °C solution of MOM-CI (2.3 mL, 29.82 mmol, 3
eq) in 60 mL diethyl ether. The solution was allowed to warm to room temperature and monitored
by TLC. Once the Grignard reagent appeared to be consumed, the reaction was diluted with diethyl

ether, extracted 3 x with distilled water and purified via column chromatography (neat DCM).

Yield: 1.3 g (65%) *H NMR (400 MHz, (CDs);CO) § 7.65-7.55 (m, 2H), 7.35-7.20 (m, 3H), 5.30
(s, 2H,”"Se satellite observed, 2J = 20.0 Hz), 3.36 (s, 3H). 13C NMR (101 MHz, (CD3).CO) § 132.6
("'Se satellite observed, J = 9.0 Hz), 131.0 ("’Se satellite observed, J = 105.0 Hz) 129.1, 127.0,

74.3,56.2 ("'Se satellite observed, 1J = 77.8 Hz).
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ger 1) Se

h¢
2)MOM-CI Se
EL,0 ?

(4-(tert-
butyl)phenyl)(methoxymethyl)selane

To a 100 mL 3-neck flask containing 60 mL of diethyl ether were added 7.8 mL of a 2M solution
of t-butylphenylmagnesium bromide (15.6 mmol, 1 eq). The solution was then warmed until
reflux. Elemental selenium (1.156 g, 14.8 mmol, 0.95 eq) was then added slowly at a rate that
maintained the refluxing of the solvent without further heating. The solution was then added drop
wise to a stirring 0 °C solution of MOM-CI (3.6 mL, 46.8 mmol, 3 eq) in 90 mL diethyl ether. The
solution was allowed to warm to room temperature and monitored by TLC. Once the Grignard
reagent appeared to be consumed, the reaction was diluted with diethyl ether, extracted 3 x with

distilled water and purified via column chromatography (neat DCM).

Yield: 1.4 g (35%) *H NMR (400 MHz, CDCls) § 7.55-7.45 (m, 2H), 7.35-7.27 (m, 2H), 5.21 (s,
2H, ""Se satellite observed, 1J = 20.0 Hz), 3.41 (s, 3 H), 1.30 (s, 9H). *3C NMR (101 MHz, CDCls)

0 150.4,133.0, 126.9, 126.2, 74.7, 57.0, 34.5, 31.3.
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4.4 Diselenides

2
1 eqNa
Sef BUER AT AN Na,Se, cl > Se,Se
DMF DMF, rt
70°C HO

2,2'-diselanediyldibenzoic acid
26

A solution of sodium nitrite 1.1 g (16 mmol) in 3 mL water was added dropwise to a solution
containing 1.75 g (12.8 mmol) anthranilic acid and 3 mL concentrated HCI in 3 mL water. The
resulting solution was added dropwise to a solution of sodium hydride (0.335 g, 14 mmol) and
selenium (0.998 g, 12.8 mmol) that had been stirring in 30 mL DMF at 70 °C for 2 hours before
being cooled to room temperature. After 2 hours, the reaction was acidified with HCI and the
precipitate was collected by filtration. The precipitate was further purified by dissolving it in

aqueous base, filtering, and then collecting the precipitate that formed upon acidification.

Yield: 0.62 g (24%) *H NMR (400 MHz, (CD3)2S0) & 13.72 (s, 2H), 8.03 (d, J = 7.7 Hz, 2H), 7.67

(d,J=8.1Hz, 2H), 7.49 (dd, J =7.6 Hz, J = 7.6 Hz 2H), 7.36 (dd, J = 7.5 Hz, J = 7.5 Hz 2H).
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w 1)
Se €

toluene, 70 °C 1,2-dibenzyldiselane

Br
Se, PEG-200, NaOH 4 @A

15 16

To a solution of PEG-200 (0.025 mmol, 5 mg) and 3 mL of 10 M NaOH gq) (30 mmol,) in 10 mL
toluene was added selenium powder (3.67 mmol, 0.286 g). The reaction was then stirred at 70°C
until 3 hours had elapsed, at which point benzyl bromide (2.94 mmol, 0.35 mL) was added and the
reaction was stirred for an additional hour. The organic layer was separated, washed with water
and evaporated by rotary evaporator. The resulting crude compound was purified by crystallization

from hexane.

Yield: 0.08 g (8%) *H NMR (400 MHz, (CDs);CO) & 7.39 — 7.18 (m, 10H), 3.94 (s, 4H). 3C NMR

(101 MHz, (CDs)2CO) 6 139.4, 129.0, 128.4, 127.0, 32.1.
4.5 Benzisoselenazolones

45.1 Cross Coupling

Cul
o 1,10-phenanthroline o)
Se, K,CO5 @EQ
.Ph
; O
@fLH DMF, 110 °C Se
I
3
2-phenylbenzo[d][1,2]selenazol-
3(2H)-one
ebselen

A solution of 1,10-phenanthroline (108 mg, 0.6 mmol), lodobenzanilide (0.97 g, 3.0 mmol),
selenium (0.29 g, 3.6 mmol) and potassium t-butoxide (0.53 g, 4.7 mmol) in 3 mL of DMF was

heated to 110 °C. Copper iodide (114 mg, 0.6 mmol) was then added and the reaction was
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monitored by TLC. After 12 hours, the reaction was poured into 60 mL of saturated brine solution
and stirred for 3 hours. The mixture was then filtered through a Biichner funnel, washed with H.O
and dried in air. Column chromatography was performed in 20% EtOAc in hexanes. The collected
solid was then further purified by dissolving in ethyl acetate, filtering the undissolved
monoselenide and then evaporating the solvent via rotary evaporator.

Yield: 0.33 g (40%)

Cul
1,10-phenanthroline
N > N
H DMF, 110 °C <.
Br ©
2-bromo-N-(p- 14
tolyl)benzamide 2-(p-tolyl)benzo[d][1,2]selenazol-3(2H)-one

Copper iodide (114 mg, 0.6 mmol) and 1,10-phenanthroline (108 mg, 0.6 mmol) were stirred in 3
mL of DMF at room temperature for 15 minutes. Bromo-N-(p-tolyl)benzamide (0.870 g, 3.0
mmol), selenium (0.29 g, 3.6 mmol) and potassium t-butoxide (0.53 g, 4.7 mmol) were then added
sequentially. The reaction was heated to 110 °C and monitored by TLC. After 12 hours, the
reaction was poured into 60 mL of saturated brine solution and stirred for 3 hours. The mixture
was then filtered through a Buchner funnel, washed with H>O and dried in air. Column
chromatography was performed in 20% EtOAc in hexanes.

Yield: 0.199g (23%)
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45.2 Directed Metalation

0 _ o)
N’Ph 1) BuLi _
b 2) Se N=Ph
3) CuBr,, THF Se
3

To a solution of benzanilide (1.0 g, 5.1 mmol) in 35 mL THF at 0°C was added n-butyl lithium
(10.2 mmol). After 30 minutes, 0.4 g of selenium (5.1 mmol) was added. After another 30 minutes,
the solution was cooled to -85°C in an EtOAc/N2zq) bath and 2.28 g (10.2 mmol) of CuBr2 were
added. After 30 minutes the reaction was allowed to slowly warm to room temperature at which
point a drop of 1/1 (v/v) AcOH and H»>O were added to the reaction mixture, it was then diluted
with 30 mL THF, filtered through celite and evaporated on rotary evaporator. Column

chromatography from neat DCM afford a white solid.

Yield: 1.23 g (88%) *H-NMR (400 MHz, CDCls) & 8.14 (d, J = 7.7 Hz, 1H), 7.70-7.62 (m,4H),
7.52-7.42 (m,3H), 7.31 (M, 1H). 3C-NMR (101 MHz, CDCl3) § 165.7, 139.0, 137.6, 132.6, 129.4,

129.3, 129.2, 126.8, 126.6, 125.4, 123.7.

/©/ 1. BuLi o
oy e GO
3 CUBr2 Se

N-(p-tolyl)benzamide THE 2-(p-tolyl)benzo[d][1,2]selenazol-3(2H)-one

To a solution of N-(p-tolyl)benzamide (1.1 g, 5.1 mmol) in 35 mL THF at 0°C was added n-butyl
lithium (10.2 mmol). After 30 minutes 0.4 g of selenium (5.1 mmol) was added. After 30 minutes
the solution was cooled to -85°C in an EtOAC/N2q) bath and 2.28 g (10.2 mmol) of CuBr> were
added. After 30 minutes the reaction was allowed to slowly warm to room temperature at which

point a drop of 1/1 (v/v) AcOH and H>O were added to the reaction mixture, it was then diluted
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with 30 mL THF, filtered through celite and evaporated on rotary evaporator. Column

chromatography from neat DCM afford a white solid.

Yield: 0.397 g (27%) 'H NMR (400 MHz, (CD3);SO) & 8.08 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 7.8
Hz, 1H), 7.68 (t, J = 7.6 Hz, 1H), 7.55-7.37 (m, 3H), 7.25 (d, J = 8.2 Hz, 2H), 2.33 (s, 3H). 1*C
NMR (101 MHz, (CD3)2S0) & 165.4, 139.3, 137.6, 135.7, 132.6, 130.1, 129.0, 128.4, 126.7, 126.3,

125.1, 21.0.
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5 Appendix
'H-NMR of 54 in (CD3).CO
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13C-NMR of 54 in (CD3).CO

90 80
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'H-NMR of 54 in (CD3),CO (aromatic expansion)
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'H-NMR of 2 in (CD3).CO
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13C-NMR of 2 in CDCl;
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!H-NMR of 2 in CDCls (aromatic expansion)
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'H-NMR of 2-bromo-N-(2-nitrophenyl)benzamide in (CD3).CO
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'H-NMR of 2-bromo-N-(2-nitrophenyl)benzamide in CDCl3
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'H-NMR of 2-bromo-N-(2-nitrophenyl)benzamide in (CD3).CO (aromatic expansion)
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'H-NMR of 2-bromo-N-(4-methoxyphenyl)benzamide in (CD3).CO
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13C-NMR of 2-bromo-N-(4-methoxyphenyl) benzamide in CDCls
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!H-NMR of 2-bromo-N-(4-methoxyphenyl)benzamide in (CD3)CO (aromatic expansion)
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'H-NMR of 2-bromo-N-(2-methoxyphenyl)benzamide in (CD3).CO
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13C-NMR of 2-bromo-N-(2-methoxyphenyl)benzamide in (CD3).CO
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'H-NMR of 2-bromo-N-(2-methoxyphenyl)benzamide in (CD3).CO (aromatic expansion)
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'H-NMR of 2-bromo-N-(p-tolyl)benzamide in (CD3)2SO
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13C-NMR of 2-bromo-N-(p-tolyl)benzamide in (CD3)2SO
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'H-NMR of 2-bromo-N-(p-tolyl)benzamide in (CD3).SO (aromatic expansion)
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!H-NMR of N-(p-tolyl)benzamide in d-(CD3).CO
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13C-NMR of N-(p-tolyl)benzamide in (CD3).CO
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!H-NMR of N-(p-tolyl)benzamide in (CD3).CO (aromatic expansion)
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IH-NMR of 23 in CDCl3
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1I3C-NMR of 23 in CDCl3
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'H-NMR of 23 in CDCI; (aromatic expansion)
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'H-NMR of 4 in (CD3)2SO
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13C-NMR of 4 in (CD3).SO
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'H-NMR of 4 in (CD3)2SO (aromatic expansion)
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'H-NMR of 37 in (CD3).CO
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13C-NMR of 37 in (CD3).CO
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'H-NMR of 37 in (CD3).CO (aromatic expansion)
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'H-NMR of 37 in (CD3).CO (alkyl expansion)
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IH-NMR of 37 in CDCls
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1I3C-NMR of 38 in CDCl3
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'H-NMR of 38 in CDCIs (aromatic expansion)
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!H-NMR of 38 in CDClIs (alkyl expansion)
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!H-NMR of 26 in (CD3).SO
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'H-NMR of 26 in (CDs)2SO (alkyl expansion)
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'H-NMR of 16 in (CD3).CO
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13C-NMR of 16 in (CD3).CO
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IH-NMR of 3 in CDCls
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13C-NMR of 3 in CDCl3
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'H-NMR of 3 in CDCl; (alkyl expansion)
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IH-NMR of 14 in (CD3)2SO
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13C-NMR of 14 in (CD3)2SO
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'H-NMR of 14 in (CD3)>SO (aromatic expansion)
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