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ABSTRACT

SYNTHESES OF a,a-DISUBSTITUTED-a-AMINO ACIDS AND IMIDAZOLINES
DERIVED FROM OXAZOL-5(4H)-ONES

By

Jason Scott Fisk
The research presented in this dissertation focuses primarily on the development
of new synthetic organic methodology utilizing oxazol-5(4H)-ones for the purpose
of producing biologically useful heterocyclic compounds. The initial chapter
describes and illustrates the general reactivity patterns of oxazol-5(4H)-ones
using examples from the current literature. The remainder of the chapters
describes studies pertaining to the use of oxazol-5(4H)-ones for synthesizing two
different classes of molecules: a,a-disubstituted-a-amino acids and 2-
imidazolines.

The first study presented in this dissertation involves a brief structure
activity relationship (SAR) investigation of a class of 2-imidazolines found to
inhibit NF-kB mediated gene transcription. Previous studies within our research
group indicated that oxazol-5(4H)-ones undergo Lewis acid promoted [3+2]
cycloadditions with imines to diastereoselectively afford highly substituted 2-
imidazolines. Select members of this class of 2-imidazolines were previously
found to be relatively potent inhibitors of NF-kB mediated gene transcription. In a
collaborative effort to optimize this class of compounds for their ability to inhibit
NF-xB mediated gene transcription, our research group conducted a SAR study.
Small libraries of 2-imidazolines were synthesized from oxazol-5(4H)-ones and

subsequently evaluated for their ability to inhibit NF-kB mediated gene






transcription in both human cervical epithelial (HeLa) cells and human whole
blood. Included in this dissertation are the results of this structure activity
relationship study, along with a description of the synthetic procedures used to
prepare the compounds.

The second study presented in this dissertation describes the
development of a novel alkylation reaction of oxazol-5(4H)-ones and its use
towards the syntheses of a,a-disubstituted-a-amino acids. The reaction is best
described as an intermolecular ene-type reaction of oxazol-5(4H)-ones with enol
ethers. This dissertation describes the initial discovery of the reaction along with
the exploration of the reaction’s substrate scope and mechanism. Using this
chemistry, oxazol-5(4H)-ones were alkylated using enol ethers and subsequently
derivatized to afford a variety of a,a-disubstituted-a-amino esters. In addition,
investigations using Brensted acid catalysis for improving the overall

diastereoselectivity of these reactions are discussed.



This dissertation is dedicated to my late grandmothers: Rose Fisk and Jane
Byers. The completion of these studies would not have been possible without
the love, guidance and inspiration they provided me throughout my life.
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CHAPTERI
OXAZOL-5(4H)-ONES AS TEMPLATES FOR GENERATING DIVERSE

LIBRARIES OF BIOLOGICALLY INTERESTING COMPOUNDS

A. The need for chemical diversity in the drug discovery process

Modemn drug discovery involves screening libraries of small molecules for their
ability to affect preselected biological targets including proteins and/or
biological pathways.! The completion of the human genome project has
presented researchers with many more potential drug targets that were
previously unknown. However, during recent years there has been a steady
decline in the number of prescription drugs approved by the Food and Drug
Administration (FDA).2* Furthermore, relatively few of the new prescription
pharmaceuticals approved by the FDA could be classified as significant
improvements over existing drugs.>® Several factors have contributed to the
decline in the approval of new pharmaceuticals including the increased
expense of researching and developing novel drug candidates.

A second and perhaps more controllable reason for the decline in new
drug approvals lies in the structural diversity of the small molecule libraries
being screened for drug leads.>* Although phamaceutical companies are
constantly combing nature for new drug leads, most small molecule
collections come from commercial suppliers or previous medicinal chemistry
projects. These libraries tend to be somewhat focused and lack structural

diversity. However, the proteins that carry out biological processes essential



for life are generally complex macromolecules containing high levels of
structural diversity. This suggests that the molecular libraries we screen for
drug leads should contain a complimentary amount of structural diversity.
Synthetic organic chemists rely on three main approaches for synthesizing
small molecules. The first approach is target oriented synthesis (TOS), which
relies primarily on nature to discover potential synthetic targets. Synthetic targets
may be identified by screening natural product extracts or proposed by means of
spectroscopic analysis of target proteins. The second approach that synthetic
organic chemists rely on is medicinal or combinatorial chemistry. This involves
the structural optimization of an identified drug candidate through the synthesis of
analogues. Both TOS and medicinal/combinatorial approaches involve the
synthesis of small molecules to perturb a predetermined biological target.
Synthetic routes using both approaches are generally linear and/or convergent
(Figure 1-1). They are planned in a reverse-synthetic order where complex
molecules are transformed into simple and smaller precursors by mentally

performing chemical reactions in reverse order.

Target Oriented Synthesis

QO — @

o — o S

Target

Figure I-1. Convergent synthetic pathway of target oriented synthesis.



Both TOS and medicinal/combinatorial chemistry approaches tend not
to efficiently generate libraries of structurally diverse compounds. The goal of
both approaches is to access very focused portions of chemical space (Figure
I-2, A).3* Although synthetic intermediates are generated along the synthetic
pathway, many of the structures resemble that of the previous. Molecules
with very similar structures quite often possess similar biological profiles.
More recently, synthetic chemists have begun to utilize a third approach for
generating small molecule libraries referred to as diversity oriented synthesis
(DOS). In constrast to TOS and medicinal/combinatorial chemistry
approaches, the goal of DOS is to create small molecule libraries comprised
of compounds encompassing broad areas of chemical space (Figure |-2, B).
The combination of DOS along with TOS and medicinal chemistry approaches
will hopefully lead to the identification of new drug leads and ultimately to the

treatment of disease.

Descriptor 1
A
Descriptor 2 Descriptor 3 Descriptor 2 Descriptor 3

Figure I-2. Comparison of TOS and DOS in terms of structural diversity.



B. Diversity oriented synthesis

During recent years, diversity oriented synthesis has become increasingly
important to the development of new pharmaceuticals.®>* New synthetic
methods are allowing for efficient and rapid production of libraries of small yet
complex molecules of biological importance. Screening of these libraries
leads not only to identification of new drug candidates, but also to
simultaneous identification of therapeutic protein targets with their small
molecule regulators.

In contrast to the convergent synthetic pathways used in TOS and
medicinal/combinatorial chemistry, DOS rapidly produces libraries of compounds
in a divergent manner (Figure I-3). DOS approaches aim to access areas of
poorly populated or even vacant chemical space. There typically is no specified
target in diversity oriented synthesis, thus retro-synthetic analysis is not
applicable to planning. Instead, researchers must utilize more of a “forward-
synthetic analysis” when proposing to use DOS. Chemists are to imagine
generating complex and diverse molecules from simple precursors. DOS
approaches rely on diversity-generating reactions, which are defined as the
transformation of similar compounds into diverse libraries of molecules.
Synthetic pathways should be no longer than three to five steps and therefore
should avoid protection group manipulation when possible. To generate the
highest levels of structural diversity, one must utilize reactions that generate
molecules containing diversity in terms of core structure, stereochemistry, and

functional group appendages.
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Figure I-3. Divergent pathway of diversity oriented synthesis.

C. Introduction to oxazol-5(4H)-ones

Oxazolones have proven to be very useful substrates in the field of synthetic
organic chemistry.® They exist in five different isomeric forms as illustrated in
Figure 1-4. Each isomeric form of oxazolone has unique attributes quite different
from the others, making the class of molecules appealing for various
applications. As a part of our research program focused on creating highly
diverse libraries of small heterocyclic compounds for the purpose of discovering
novel biologically active compounds, we have focused on the use of oxazol-
5(4H)-ones (also called azlactones) due to their availability and chemical

versatility. 57
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Figure |-4. Various isomeric forms of oxazolones.

Oxazol-5(4H)-ones or azlactones are generally divided into two different
classes: saturated and unsaturated (Scheme I-1). The first unsaturated
oxazol-5(4H)-one was synthesized by Pléchl more than a century ago in 1883
via a condensation of benzaldehyde with hippuric acid in the presence of
acetic anhydride.® However, it was Erlenmeyer who established the first
correct structure of oxazol-5(4H)-ones naming them “azlactones” in 1900.%'°
Erlenmeyer was also one of the first scientists to explore the use of other
aldehydes in the reaction and to establish the use of unsaturated oxazol-
5(4H)-ones as precursors to new amino acid derivatives. The first saturated
oxazol-5(4H)-one was not synthesized until 1908 by Mohr and co-workers, as
it is believed that researchers before him failed to appreciate the ease at
which saturated oxazol-5(4H)-ones can hydrolyze in the presence of
moisture.!’ Since that time, new and more efficient methods for producing
oxazol-5(4H)-ones have been developed, some of which will be described in

the following section.
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Scheme I-1. Erlenmeyer and Mohr syntheses of oxazol-5(4H)-ones.

After the early work of Pléchl, Erlenmeyer, and Mohr, the chemistry of
oxazol-5(4H)-ones remained fairly unexplored and was mainly limited to using
oxazol-5(4H)-ones to make amino acid derivatives. It was not until the 1940’s,
at which time the structure of penicillin was incorrectly thought to be an
oxazol-5(4H)-one,'? that the chemical potential of oxazol-5(4H)-ones as
synthetic intermediates was realized. Although it was eventually determined
that the structure of penicillin actually contained a beta lactam ring system
instead of an oxazol-5(4H)-one ring, the information obtained from these
studies led way to the future development of new chemistry using the oxazol-
5(4H)-one scaffold.

A variety of methods appear in the literature for naming oxazol-5(4H)-
ones.'®'® The ring is generally numbered according to the Hantzsch-Wildman
rules giving priority to the oxygen atom and numbering the ring in the direction
of the nitrogen atom as shown in Figure I-5.'* One method refers to the
oxazol-5(4H)-one substrate as an amino acid derivative.'® For example, the

oxazol-5(4H)-one derived from N-benzoyl alanine would be refered to as



benzoyl alanine azlactone. A second method for naming oxazol-5(4H)-ones
describes the substrate as a dihydrooxazole.'> The oxazol-5(4H)-one derived
from N-benzoyl alanine would then be referred to as 5-keto-4-methyl-2-phenyl
-4,5-dihydrooxazole. This dissertation will primarily use a third system which
consists of naming the scaffold as an oxazolone derivative. The compound is
given the parent name of oxazol-5(4H)-one and the substituents are described
in correspondence to their position on the ring. Using this system the

oxazolone prepared from N-benzoyl alanine would be described as 4-methyl-

\ﬁQ
| 57—0

N34

2-phenyl-5(4H)-oxazolone.
Ry

R2
Figure I-5. Numbering of the oxazol-5(4H)-one ring system according to the
Hantzsch-Wildman rules.

D. Oxazol-5(4H)-ones as templates in diversity oriented synthesis

Oxazol-5(4H)-ones have multiple features that make them attractive for use as
building blocks in diversity oriented synthesis.” To begin with, oxazol-5(4H)-
ones are easily synthesized from the cyclodehydration of N-acyl-a-amino
acids (Scheme 1-2). A variety of N-acyl-a-amino acids are available for
purchase from commercial suppliers. Furthermore, they are also easily
synthesized either under Schotten-Baumann conditions or from the acylation
of a-amino esters followed by hydrolysis.'* As seen in the pioneering studies

of Erlenmeyer and Mohr, N-acyl-a-amino acids are traditionally converted into



oxazol-5(4H)-ones by refluxing them in acetic anhydride.®*'® These methods
are often met with product isolation struggles directly associated with the
problematic removal of the acid byproducts. Presently, oxazol-5(4H)-ones are
routinely synthesized in high purity under much milder conditions allowing for
them to be subsequently used without the need for further purification. These
methods generally consist of using relatively more reactive dehydrating
reagents such as activated anhydrides (e.g. trifluoroacetic anhydride) or

carbodiimides (e.g. DCC or EDCI).'®

Reagent

O OH . Ri._0O
i”-j\:\’ Dehydrating Y o
R "N" R, N
H R,
Scheme I-2. Synthesis of oxazol-5(4H)-ones.

In addition to their ready accessibility, oxazol-5(4H)-ones contain
numerous reactive sites allowing for a diverse set of possible transformations.
The pluripotent reactivity of oxazol-5(4H)-ones allows for the rapid generation of
a wide range of compounds making oxazol-5(4H)-ones ideal starting materials
for DOS.' The acidic nature of the proton(s) found at the C-4 position (pKa ~
9)"7 of the oxazol-5(4H)-one scaffold allows for the easy formation of an oxazole
enolate, which can react with a range of electrophiles to foom both O-alkylated
and C-alkylated products (Scheme I-3, A). Alternatively, the use of Lewis acids
with the oxazol-5(4H)-ones results in the formation of either the 1,3-dipole B
(also known as a miinchnone) or the reactive ketene intermediate C (Scheme I-

3), each yielding the possibility of synthesizing novel heterocyclic compounds via



cycloaddition reactions.'® Additionally, the oxazol-5(4H)-one ring contains a
relatively electrophilic carbonyl susceptible to reaction with a wide range of
nucleophiles including alcohols, amines, and hydrides to form various types of

protected amino acids (Scheme I-3, D).
Ve Nuc
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Scheme I-3. Pluripotent reactivity of oxazol-5(4H)-ones.

This diverse reactivity of oxazol-5(4H)-ones makes them excellent
substrates for synthesizing a wide variety of useful and biologically interesting
molecules (Scheme |-4). Highly substituted heterocyclic scaffolds can be
directly accessed from oxazol-5(4H)-ones relatively easily and in a
stereoselective manner. Furthermore, natural and unnatural amino acids can
also be easily isolated in enantiopure form using oxazol-5(4H)-one
intermediates. The remainder of this chapter will aim to illustrate how the

pluripotent reactivity of oxazol-5(4H)-ones allows for a wide range of
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transformations, which in turn leads to the preparation of diverse libraries of

biologically interesting compounds.

Scheme |-4. Oxazol-5(4H)-ones as building blocks to create diverse libraries of
compounds.

E. Oxazol-5(4H)-one transformations associated with their acidity

As compared to their acyclic N-acyl-a-amino acid precursors, oxazol-5(4H)-ones
are considerably more acidic.'”'® Their relatively high acidity in combination with
their cyclicless sterically encumbering structures allows for a variety of
transformations generally difficult to perform with acyclic a-amino acids. These
transformations include the alkylation, acylation, allylation, and arylation of
oxazol-5(4H)-ones, each of which potentially results in the formation of

quaternary substituted oxazolones. Subsequent nucleophilic ring opening of
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quaternary substituted oxazolones produces a variety of interesting molecules,

including novel a,a-disubstituted a-amino acids.

1. Alkylation of oxazol-5(4H)-ones. One of the more traditional methods for
synthesizing a,a-disubstituted a-amino acids involves the alkylation of oxazol-
5(4H)-ones. Treatment of oxazol-5(4H)-ones with mild bases such as
triethylamine or Hiinig’'s base results in the deprotonation of the oxazol-5(4H)-
one and formation of an aromatic oxazole enolate.?’ Formation of these oxazole
enolates while in the presence of highly reactive electrophiles leads to the
formation of the desired quatemary substituted oxazolones (Scheme [-5).'
These reactions often suffer from the formation of undesired side products
primarily due to competitive O-alkylation of the enolate intermediates. Recent
developments optimizing the reaction conditions have allowed for the use of a

wider range of electrophiles,?' although O-alkylation still remains a problem with

many substrates.
R1 (o) R1 R, (o) R (o)
R3-X
ll/ O _Base N \/)—o 3 II’ o . T \/2—0&
R Rz R Rs R,
Oxazole Quaternary Aromatic
Enolate Oxazolone Oxazole

Scheme I-5. Alkylation of oxazol-5(4H)-ones with alkyl halides.

A variety of more regioselective methods have appeared in the literature
as of late for the alkylation of oxazol-5(4H)-ones. One of the more recent

methods for alkylating oxazol-5(4H)-ones was reported by Jergensen and co-

12



workers in 2008.2 The authors reported an organocatalytic enantioselective
Michael addition of oxazol-5(4H)-ones to a,B-unsaturated aldehydes (Scheme I-
6). Although these reactions generally proceed with low to moderate
diastereoselectivity, they do produce two new stereogenic centers in relatively

high yields and moderate to excellent enantioselectivity.

Ar

R, o)
Ry N Ar
T =0 R o H omMs \rllr =0
+ P4
N\e: ININF Ar = 3,5(CF3),CeHs Ry—( Rq
Rz Toluene, r.t. N
(o}
83-96% e.e.
082%d.e.
38-88% yield

Scheme I-6. Michael addition of oxazol-5(4H)-ones to a,B-unsaturated
aldehydes.

2. Acylation of oxazol-5(4H)-ones. The traditional method for synthesizing
4-acyl substituted oxazol-5(4H)-ones is the Steglich rearrangement. The
reaction was first discovered by Steglich and co-workers in 1970.2 The
authors reported a nucleophilic base (e.g. DMAP) catalyzed rearrangement of
O-acylated oxazoles to form C-4 acylated oxazolones (Scheme I-7). The
initial reaction of DMAP with the O-acylated oxazole is believed to be
reversible, while formation of the product appears to be an irreversible
process (Scheme I-7).2* Since the initial discovery of the reaction, a variety of
chiral nucleophiles have been developed for catalyzing the reaction to make

new enantiomerically enriched oxazolone scaffolds.?®
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Scheme I-7. Steglich rearrangement of O-acyl oxazoles.

The first asymmetric Steglich rearrangment of oxazol-5(4H)-ones was
reported in 1998 by Fu and co-workers.?*?® The authors reported the use of a
chiral ferrocene-fused DMAP derivative, PPY*, for promoting the asymmetric
acyl migration (Scheme [-8). Alkyl substituents at the 2 position of the oxazol-
5(4H)-one scaffold generally provide lower enantioselectivity than aryl and
heteroaryl substituents at that same position. The reaction tolerates a variety

of substituents at the C-4 position of the oxazol-5(4H)-one resulting in high

enantioselectivity (Scheme 1-8).

group can enhance the stereoselectivity of the reaction. The use of benzyl

substituted acyl groups tend to result in higher stereoselectivity than most

aliphatic groups.?*
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Scheme I-8. Fu's enantioselective Steglich rearrangement.

3. Allylation of oxazol-5(4H)-ones. A third transformation resulting in the
formation of quaternary oxazolones is the allylation of oxazol-5(4H)-ones.?” A
variety of transition-metal catalyzed methods have been reported for the
allylation of oxazol-5(4H)-ones.?’?® One of the more recent methods for the
allylation of oxazol-5(4H)-ones was reported by Trost and co-workers in 2003.
The authors reported a palladium-catalyzed addition of oxazol-5(4H)-ones to
electron rich allenes (Scheme 1-9).2®  Their methodology avoids any
regioselectivity problems by electronically biasing one end of the allene with an
electron rich alkoxy group. Overall the reaction works very well, generating two
new stereogenic centers including a quaternary center at the C-4 position of the
oxazolone ring. Oxazol-5(4H)-ones with aliphatic substitutions at the C-4
position provide the best results affording the products in moderate yields (67-
87%) with excellent enantiomeric excesses (90-94%) (Scheme I|-9).

Furthermore, the diastereoselectivity observed in these reactions was also

15



reported to be relatively high, usually occurring in approximately a 20:1 ratio
(Scheme 1-9).
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Scheme |-9. Palladium catalyzed allylation of oxazol-5(4H)-ones using allenes.

67-87% yield
85-94% ee
Up to 20:1 dr

4. Arylation of oxazol-5(4H)-ones. The arylation of oxazol-5(4H)-ones at the
C4 position results in the formation of novel quatemary aryl-glycine
derivatives.3*¥'  In 2003, Hartwig and co-workers reported the first palladium
catalyzed arylation of oxazol-5(4H)-ones for the synthesis of quaternary amino
acids (Scheme 1-10).%¥ The reaction involves the coupling of the sp? carbon of
arenes with the enolate of oxazol-5(4H)-ones. Their catalyst system consisted
of using Pd(OAc). along with the sterically hindered electron rich ligand Ad.P(t-
Bu) (Scheme I-10). The reaction provides reasonable yields with a wide range
of aryl bromide substrates. The use of electron rich or electron neutral aryl
groups provides the best results (75-85%), whereas electron poor aryl groups
tend to afford slightly lower yields (~60%). Aryl groups with the potential to

undergo Heck reactions, such as 4-bromostyrene, underwent the desired
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coupling reaction in good yields (75%). A wide range of oxazol-5(4H)-one
substrates consisting of both aliphatic and aromatic substituents undergo the

desired coupling reaction in good yields.

ArBr
Pd(OAc),
pn\( __AdP(tBu) Ph\«o o
I K2003 NI
Toluene R Ar

58-85% yield

Scheme I-10. Arylation of oxazol-5(4H)-ones.

F. Oxazol-5(4H)-one transformations associated with their electrophilicity

The oxazol-5(4H)-one scaffold contains a highly electrophilic carbonyl that readily
undergoes a variety of transformations including hydrolysis, alcoholysis,
aminolysis, hydride reduction, and Friedel-Crafts reactions to generate both a-
amino acids as well as novel heterocyclic compounds.’® Early studies involving
oxazol-5(4H)-ones include their participation as intermediates during peptide
coupling reactions. These studies indicated that oxazol-5(4H)-one intermediates
are primarily responsible for the racemization of amino acid residues when

peptides are coupled with nucleophiles using reagents such as DCC."?

More recent work has taken advantage of not only the ability of oxazol-
5(4H)-ones to rapidly epimerize, but also their highly electrophilic character to
generate a-amino acid derivatives. The dynamic kinetic resolution of oxazol-
5(4H)-ones has proven to be very useful for the preparation of
enantiomerically pure a-amino acids (Scheme 1-11).%2 During the process, a

chiral catalyst (small molecule or enzyme) preferentially activates one of the
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two enantiomers of the oxazol-5(4H)-one racemate towards irreversible
alcoholysis, thus forming an amino ester product. Simultaneously, the
unreactive enantiomer undergoes epimerization to the more reactive
enantiomer, which subsequently undergoes alcoholysis in the presence of the
catalyst theoretically allowing for complete conversion of the racemate to the

desired stereoisomer (Scheme 1-11).%2

e O o
N\Z: ° N\/g; OH  — N °
S TH IR
R2 R2 H 2
Chiral Catalyst Chiral Catalyst
R;OH R;0H

0O R

X X X
ORs3 )\[r0R3
RN RN
(o} o
Scheme I-11. Dynamic kinetic resolution of oxazol-5(4H)-ones.

The dynamic kinetic resolution of oxazol-5(4H)-ones has been reported
using both enzymatic®® and small molecule catalyst systems.>*3® One of the
first succesful examples using a small molecule to catalyze the dynamic
kinetic resolution of oxazol-5(4H)-ones was demonstrated by Fu and co-
workers in 1998 (Scheme 1-12).3% The authors described the use of the chiral
ferrocene-fused DMAP derivative 2 to catalyze the methanolysis of oxazol-
5(4H)-one substrates resulting in enantiomerically enriched amino acids.?®
Examples using both 4-aryl-oxazol-5(4H)-ones and 4-alkyl-oxazol-5(4H)-ones

provided a-amino esters in excellent yields (>90%) with moderate

18



enantioselectivity (44-61% e.e.) (Scheme I-12). The authors also reported the
stereochemical outcome of the reaction to be solvent dependent with toluene
furnishing the highest level of enantioselectivity. Adding steric bulk to the
alcohol nucleophile increases the enantioselectivity of the reaction, albeit with

highly increased reaction times.

Y _5mol%2 /?j\ i
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Scheme 1-12. Fu’s DKR of oxazol-5(4H)-ones.

More recent work in this area was published by Berkessel and co-
workers in 2005 utilizing urea and thiourea bifunctional organocatalysts to
promote the dynamic kinetic resolution of oxazol-5(4H)-ones.>* The Lewis
acidic urea moiety of the catalyst activates the oxazol-5(4H)-one carbonyl via
hydrogen bonding, while a tethered Lewis basic portion of the catalyst
presumably directs the approach of the nucleophile by means of a second
hydrogen bonding interaction (Scheme 1-13). These catalysts work well with a
wide range of oxazol-5(4H)-ones providing enantiomeric excesses up to 91%.
Analogous to Fu's studies, the use of smaller primary alcohols results in

higher conversion rates than bulkier alcohols with allyl alcohols affording the
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highest yields. To complement the theory that complexation of the catalyst to
the substrate occurs via hydrogen bonding, solvents capable of accepting

hydrogen bonds (e.g. THF) provide little or no stereoselectivity.

5 mol % 3 R
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Scheme 1-13. Thiourea catalyzed DKR of oxazol-5(4H)-ones.

The electrophilic nature of oxazol-5(4H)-ones not only allows for their
use in the synthesis of a-amino acids, but also permits access to a variety of
heterocycles including oxazoles, hydantoins, thiohydantoins, pyridones,
pyrimidinones and many more.” In an effort to develop a new route to highly
substituted oxazoles, our group recently published a protocol consisting of a
one pot Friedel-Crafts / Robinson-Gabriel synthesis for producing 2,4,5-
trisubstituted oxazoles from oxazol-5(4H)-ones (Scheme 1-14).3® Previous
reports have established the Robinson-Gabriel cyclodehydration of 2-
acylamino ketones as one of the most versatile routes for producing oxazoles.

Furthermore, 2-acylamino ketones can be readily prepared from oxazol-5(4H)-
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ones via Friedel-Crafts reactions.® The two reactions can be carried out in
tandem  utilizing a combination of aluminum chloride and
trifluoromethanesulfonic acid, resulting in the formation of oxazoles directly
from oxazol-5(4H)-ones. The reaction works well for a wide variety of oxazol-
5(4H)-one substrates including both aromatic and alkyl substituted oxazol-
5(4H)-ones. As anticipated, the reaction affords the highest yields with either
electron neutral or electron rich arenes. Electron deficient arenes provide very
little or no product formation. Presumably the oxazol-5(4H)-one is initially
activated by aluminum chloride promoting the Friedel-Crafts reaction providing
an 2-acylamino ketone intermediate (Scheme 1-14). The ketone carbonyl of
the intermediate is then protonated by the trifluoromethanesulfonic acid,
activating the substrate towards cyclization and subsequent dehydration to the

corresponding oxazole.
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7 g X )\n/©/
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Ra OH R3
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N N
Rz H,0 R,

55-81% yield

Scheme |-14. Synthesis of oxazoles from oxazol-5(4H)-ones.
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More recently, our research group utilized the electrophilic nature of the
oxazol-5(4H)-one scaffold to synthesize a marine alkaloid from the tunicate
Dendrodoa grossularia (Scheme 1-15).37 The synthesis utilizes two key
rearrangements to afford the final compound in rapid and efficient fashion (12
steps). The first rearrangement consists of the cyclodehydration of thiourea 4 to
afford an oxazole intermediate, which subsequently undergoes a Claissen
rearangement to produce a quatemary substituted oxazolone.3®®  The
oxazolone intermediate is then treated with sodium methoxide facilitating the
second rearrangement to yield a quatemary hydantoin.® The synthesis is

completed in five additional steps affording the natural product § in 13% overall

yield.
EtO,C” \n, 0/\[]/ EDCI
S N
N\
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4 Oxazole Intermediate
o. H N
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\ \
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Hydantoin Oxazolone

Scheme I-15. Synthesis of a marine alkaloid from the tunicate Dendrodoa
grossulana.
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G. Cycloaddition reactions of oxazol-5(4H)-ones

Cycloaddition reactions of oxazol-5(4H)-ones have been utilized to generate a
wide variety of heterocyclic scaffolds.”#4'  Oxazol-5(4H)-ones exist in
equilibrium with both their mesoionic (also referred to as a minchnone) and
amidoketene isomers (Scheme |-16).?> The relative concentration of each
isomeric form of the molecule is highly dependent on reaction conditions and the
substitution pattern of the oxazol-5(4H)-one scaffold. Minchnones are best
described as cyclic / aromatic azomethine ylides. Analogous to their acyclic
azomethine ylide counterparts, miinchnones undergo [3+2] cycloadditions while
in the presence of a range of dipolarphiles to afford a variety of highly substituted
heterocyclic scaffolds.**** Hypothetically, miinchnones exist in equilibrium with a
low concentration of their respective amidoketene isomer.***® Although the
amidoketene isomers of oxazol-5(4H)-ones have not been observed
spectroscopically to date, certain chemical transformations provide plausible
evidence for their existence. For example, treatment of oxazol-5(4H)-ones with
imines at elevated temperatures results in the formation of highly substituted -
lactams.#'  The B-lactam products are presumed to arise via a [2+2]

cycloaddition of the amidoketene isomer of the oxazol-5(4H)-one with the imine.
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Scheme 1-16. Equilibrium of oxazol-5(4H)-ones with their miinchnone and
amidoketene isomers.

Previous studies by Huisgen and co-workers demonstrated that a
moderate equilibrium concentration of the miinchnone tautomer is necessary to
promote 1,3-dipolar cycloadditions of oxazol-5(4H)-ones.*® The concentration of
manchnone tautomer can be increased in a variety of ways including the N-
alkylation of the oxazol-5(4H)-ones (Scheme I-17). Huisgen and co-workers first
described the synthesis and cycloaddition chemistry of N-alkylated
minchnones.*!4647 N-alkyl minchnones were generated via the
cyclodehydration of N-alkyl, N-acyl amino acids. More recently, Amdtsen and
co-workers reported a transition metal catalyzed synthesis of N-alkylated
munchnones (Scheme [-17).84°  The desired munchnone species was
generated utilizing a palladium catalyzed coupling of an imine, acid chloride and
carbon monoxide. In addition, Merlic and co-workers reported acylamino
carbene complexes to readily undergo carbon monoxide insertion, thus
generating N-alkylated minchnones (Scheme 1-17).%  Altematively, the
concentration of the minchnone tautomer may be increased while in the
presence of Lewis acids (Scheme I-17).3"*® Recently, our research group

described mild conversions of oxazol-5(4H)-ones to dihydroheterocyclic scaffolds
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via Lewis acid promoted [3+2] cycloadditions. This work will be described in

more detail in the following chapters of this dissertation.

Formation of N-alkyl Miinchnone/Amidoketenes
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Scheme I-17. Methods for increasing the concentration of the
miinchnone/amidoketene tautomers.

1. [2+2] cycloadditions utilizing oxazol-5(4H)-ones

The development of novel and efficient routes to synthesize B-lactams is an
area of significant interest primarily due to their antibiotic properties. Previous
studies by Staudinger and co-workers established that ketenes undergo
thermal [2+2] cycloadditions with imines to form highly substituted B-
lactams.*>*” Oxazol-5(4H)-ones participate in Staudinger-type cycloaddition
reactions with imines via their amidoketene isomer (Scheme 1-18).4>%* The
first Staudinger reaction of oxazol-5(4H)-ones was demonstrated by Huisgen

and co-workers in 1971.%° The authors proposed miinchnones to exist in
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equilibrium with a low concentration of amidoketene, which in turn undergoes
a [2+2] cycloaddition while in the presence of an imine to afford the observed

B-lactam product (Scheme |-18).
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Scheme 1-18. Staudinger reactions of oxazol-5(4H)-ones.

Recenty, Cremonesi and co-workers reported the use of bicyclic
minchnones for the diastereoselective synthesis of B-lactams (Scheme I-
19).% The authors illustrated the ability to control the stereochemical outcome
of the reaction through alteration of the imine N-substituent (Scheme 1-19, Ry).
The reaction afforded primarily the cis-B-lactam product (with respect to the
sulfur and phenyl groups) when performed with imines substituted with
electron withdrawing moieties. Conversely, high yields of trans-p-lactams
were selectively obtained utilizing imines substituted with electron donating
groups.% The authors speculate that both products arise from the initial attack
of the imine to the least-hindered side of the amidoketene intermediate
(Scheme 1-19). Electron withdrawing groups destabilize the initial iminium
intermediate, thus leading to the cis-product. On the other hand, electron
donating substituents stabilize the iminium intermediate allotting for double
bond isomerization, which consequentially gives rise to the thermodynamically

favored trans-product.®®
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Scheme I-19. Diastereoselective Staudinger reaction of minchnones.

More recently, Arndsten and co-workers reported a multicomponent
palladium-catalyzed synthesis of amidoketenes, which were subsequently
treated with imines to afford B-lactams in moderate to high yields (Scheme I-
20).5” Their overall reaction sequence couples four reagents to efficiently
provide B-lactams in a single step. The amidoketene species is generated in
situ starting from an imine, acid chloride and carbon monoxide as shown
below in Scheme 1-20. The formation of the amidoketene species is initiated
by an oxidative addition of an N-acyliminium salt to Pd(0). The resulting
palladacyle then undergoes carbon monoxide insertion followed by B-hydride
elimination to form the needed amidoketene intermediate. The amidoketene
intermediate then undergoes a Staudinger-like [2+2] cycloaddition with an
imine to afford the final B-lactam product. For selective B-lactam formation, the
authors reported the requirement of base to eliminate HCI from the reaction.

Insufficient removal of HCI leads to lower yields of product presumably due to
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competing [3+2] cycloaddition pathways. These reactions can be performed
either using two equivalents of the same imine or with sequential addition of

two different imines.
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Scheme 1-20. Synthesis of B-lactams via palladium catalyzed amidoketene
formation.

2. [3+2] cycloadditions utilizing oxazol-5(4H)-ones

A wide variety of heteroaromatic and dihydro-heterocyclic scaffolds are
accessible utilizing oxazol-5(4H)-ones by means of their 1,3-dipolar
minchnone tautomer. Analagous to acyclic azomethine ylides, miinchnones
undergo cycloadditions with a variety of dipolarphiles.**#* For example, the
thermal 1,3-dipolar cycloaddition of minchnones with electron deficient
alkynes directly results in the formation of highly substituted pyrroles (Scheme
1-21).'® Mechanistically, these reactions proceed through the initial formation
of a bicyclic primary cycloadduct, which subsequentaly undergoes

aromatization via the loss of carbon dioxide. This area of research was
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pioneered by Huisgen and co-workers starting in 1970.¢ The authors
proposed that a moderate concentration of the mesoionic miinchnone
tautomer is essential for promoting the 1,3-dipolar cycloaddition reactions of
oxazol-5(4H)-ones. The authors reported the preparation of a wide range of
pyrroles with diversity at every substituent of a pyrrole scaffold utilizing N-
alkylated minchnones (Scheme 1-21).4¢ N-alkylation of oxazol-5(4H)-ones

locks them into their miinchnone form, allowing for the formation of a variety

of heteroaromatic molecules including pyrroles.*350:58
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Scheme I-21. Synthesis of pyrroles from miinchnones.

Similarly, pyrroles may also be synthesized from miinchnones through
their reaction with alkyne equivalents. The regioselective cycloaddition using
vinyl phosphonium salts with N-alkyl miinchnones has been reported by Clerici
and co-workers (Scheme [-22).4° Minchnones were refluxed (THF/DMF

solvent mixture) in the presence of vinyl phosphonium salts resulting in high
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yields of the desired pyrroles by way of the decarboxylation of the primary
cycloadducts followed by elimination of PPhs. The regioselectivity observed
in the reaction is driven by the strong electrostatic interaction between the
phosphonium species and the enolate of the miinchnone. Additionally, the
regioselective synthesis of pyrroles has been demonstrated in the reaction of
minchnones with electron deficient vinyl-chlorinated alkenes (Scheme 1-22).5°
Aromatization of the primary cycloadducts to the final pyrrole products is
accomplished via decarboxylation of the primary cycloadduct followed by
subsequent elimination of the chlorine atom.
Rz
R1\QR3
R4

Re ©
/\@ Br 35-68% yield
PPh;

Rz
o o N
g Re=m S
Rz’
Rs Rs Ry
60-98% yield

EtsN

Fac)\/U\ R3 R2

N
R Ry
pAg
RsOC  CFs
33-89% yield

Scheme 1-22. Synthesis of pyrroles via [3+2] cycloadditions of minchnones.
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More recently, Park and co-workers reported a regioselective synthesis
of pyrroles utilizing 1,3-dipolar cycloadditions of a,B-unsaturated benzofuran-
3(2H)-ones and minchnones (Scheme 1-23). Their method involves the use
of AgOAc to generate the needed miinchnone species in situ, which readily
undergoes a [3+2] cycloaddition with an a,B-unsaturated benzofuran-3(2H)-
one. Subsequent spontaneous decarboxylation of the primary cycloadduct
results in the formation of the desired tetrasubstituted pyrroles in high yields
with regioselectivities greater than 99:1. Benzofuranone derivatives more
electron withdrawing in nature produced the highest vyields and
regioselectivities, while benzofuranone derivatives containing more electron

donating substituents resulted in decreased reaction rates and

regioselectivity.
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Scheme I-23. Regioselective synthesis of pyrroles via [3+2] cycloadditions of
a,B-unsaturated benzofuran-3(2H)-ones and miinchnones.
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The construction of the imidazole scaffold has also been accomplished
starting from oxazol-5(4H)-ones through the reaction of their minchnone
tautomer with nitriles and imines. Early work by Huisgen and co-workers
demonstrated the ability of minchnones to undergo thermal cycloadditions
with electron deficient nitriles (Scheme 1-24).%° Similar to the reactions of
minchnones with alkynes, these reactions proceed by initially forming a
bicyclic-cycloadduct, which undergoes decarboxylation resulting in the
formation of the imidazole products. The reaction of N-alkyl miinchnones with
various imines also results in the formation of highly substituted imidazoles.
Consonni and co-workers demonstrated that the reaction of minchnones with
N-(phenylmethylene)benzenesulphonamides afford imidazoles in moderate
yields (Scheme 1-24).8' Aromatization occurs by way of the decarboxylation of
the intermediate bicyclic cycloadduct followed by expulsion of

benzenesulphinic acid.
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Scheme 1-24. Synthesis of imidazoles via [3+2] cycloadditions of

minchnones.

The 1,3-dipolar cycloaddition reaction of miichnones with imines often
results in low yields of imidazole product due to the formation of a variety of
side products including B-lactams and dimerized minchnone. Recent

approaches to increase the yield of such cycloadditions include the use of

32



solid supports to prevent the dimerization of the miinchnone starting material.
Bilodeau and co-workers demonstrated the benefit of this approach by using
N-acyl a-amino acids bound to solid support.®? The N-acyl a-amino acids
were cyclodehydrated using EDCI affording resin bound minchnones, which
subsequentially underwent the desired 1,3-dipolar cycloaddition reaction with
N-tosyl imines to yield polymer-linked imidazoles (Scheme 1-25). Liberation
from the imidazole product from the solid support resin by heating in acetic

acid afforded the desired imidazoles in high yields.
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Scheme 1-25. Synthesis of imidazoles using solid supports.

53 - 99% yield

Although relatively few examples have been reported, dihydro-
heterocyclic scaffolds are accessible utilizing 1,3-dipolar cycloaddition

reactions of madnchnones.'851-53.63-85

Traditional methods for conducting
oxazol-5(4H)-one cycloadditions (e.g reflux in acetic anhydride) often lead to
heteroaromatic products or complex mixtures of products containing various
isomeric mixtures of dihydro-heterocyclic molecules (Scheme 1-26). Studies
by Gotthardt, Huisgen, and Schaefer illustrated that A%-pyrrolines could be
isolated in cycloadditions of miinchnones with electron deficient alkenes by

decreasing the temperature of the reactions (Scheme 1-26).%8 Minchnones

were heated at relatively low temperatures (50-100 °C) in xylenes while in the
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presence of alkenes resulting in primarily the isolation of A2-pyrrolines with
small amounts of pyrrole. Unfortunately, the decarboxylation of the primary
cycloadducts of these reactions could not be controlled and ultimately led to

mixtures of A%-pyrroline regioisomers.
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Scheme 1-26. Synthesis of A%-pyrrolines from mnchnones.

Studies by Huisgen and co-workers explored the mechanism by which
the primary cycloadducts obtained from minchnone cycloadditions with
alkenes decarboxylate and form pyrroline and pyrrole products.*®® Their
studies indicated that the initial loss of carbon dioxide leads to the formation of

a relatively reactive cyclic azomethine ylide (Scheme 1-27). Evidence of the



cyclic azomethine intermediate was illustrated through the addition of a
second equivalent of the dipolarphile, which readily prompted a second [3+2]
cycloaddition affording a new azabicyclo-[2,2,1]-heptane product.*¢®® Both
the pyrroline and pyrrole products are believed to derive from the newly
formed azomethine ylide intermediate. Protonation of the cyclic azomethine
ylide either from a 1,2 prototropic shift (R2 = H) or an external proton source
(R2 = alkyl) leads to the formation of A'-pyrrolines and AZ-pyrrolines
respectively (Scheme 1-27). Subsequent oxidation of the resulting pyrroline

species ultimately leads to the formation of aromatic pyrrole products.
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Scheme 1-27. Reaction of oxazol-5(4H)-ones with two equivalents of alkene
to afford bicyclic heterocyclic scaffolds.

Relatively few examples regarding the isolation of primary cycloaddition
adducts from intermolecular cycloaddition reactions of miinchnones have been
reported. Padwa and co-workers previously disclosed the isolation of primary

cycloaddition adducts from intramolecular cycloadditions of miinchnones with
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terminal alkenes.'® Likewise, Maryanoff and co-workers described the isolation
of a A'-pymoline-5-carboxylic acid in the intermolecular cycloaddition of a
minchnone with 1,2-dicyanobutene (Scheme 1-28).2® In each of the above
cases, decarboxylation is presumably prevented due to the steric constraints of
the cycloadduct products. These studies not only provided support for previously
proposed reaction mechanisms, but provided the first indications that the

cycloadditions of miinchnones with alkenes proceed with exo-stereochemistry.
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Scheme I-28. Maryanoff's isolated primary cycloadduct.

As stated earlier, it is thought that the relatively harsh reaction
conditions traditionally employed in miinchnone cycloaddition reactions
(refluxing in acetic anhydride) helps to facilitate the decarboxylation of the
primary cycloadduct thus generating decarboxylated heterocyclic products. In
2001, Arndtsen and co-workers reported a method in which an imine, acid
chloride and carbon monoxide could be coupled using palladium catalysis to
generate miinchnones under much milder reaction conditions.®” Exposure of
the generated miinchnone species to a second equivalent of imine resulted in
the isolation of carboxylate subsituted imidazolines (Scheme 1-29). The
authors attributed their ability to isolate the primary cycloadducts to their

mildly acidic reaction conditions. Elimination of the HCI generated during
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these reaction results predominately in the formation of undesired B-lactam
byproducts, illustrating perhaps the active dipolarphile may indeed be the HCI
salt of the imine substrate. These reactions were diastereoselective
generating imidazoline products as single diastereomers with the

stereochemistry illustrated in Scheme [-29 as determined by X-ray

crystallography.
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Scheme 1-29. Arndtsen’s synthesis of 2-imidazoline carboxylates.

Recently, Lewis acids have been demostrated to increase the
concentration minchnone tautomers under much milder conditions allowing
for the isolation of various dihydro-heterocyclic scaffolds. In 2004, we
reported a silver acetate mediated cycloaddition of oxazol-5(4H)-ones with
electron deficient alkenes.>® These reactions stereoselectively proceeded in
moderate to high yields affording A'-pyrrolines (Scheme 1-30). The reactions
also proceeded with exo-selectivity as seen in Maryanoffs studies.>® An
enantioselective version of this chemistry was later reported by Toste and co-
workers in which the authors utilized cationic gold to catalyze the reaction.®
In addition, we previously reported a silicon mediated 1,3-dipolar cycloaddition
of oxazol-5(4H)-ones with imines to afford highly substituted imidazolines.>

The stereochemical outcome of the reaction is highly dependent on the

37



substitution pattern of the oxazol-5(4H)-one scaffold. The above methodology
involving Lewis acid mediated cycloadditions of oxazol-5(4H)-ones with both
imines and alkenes will be described in more detail in the following chapters of

this dissertation.
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Scheme 1-30. Lewis acid mediated cycloadditions of oxazol-5(4H)-ones.

H. Current work

Since their initial discovery, oxazol-5(4H)-ones have emerged as an important
class of compounds for synthesizing biologically interesting targets. As
demonstrated throughout this chapter, the oxazol-5(4H)-one scaffold contains
numerous reactive sites allowing for a large diversity of transformations. The
reseach presented during the remainder of this dissertation illustrates the
potential of using oxazol-5(4H)-ones in diversity oriented synthesis drug
discovery programs. The following chapters include both the development of
new chemistry using oxazol-5(4H)-ones to rapidly create small libraries of
novel molecules, as well as the evaluation of the molecular libraries for
biological function.

The first project presented in this dissertation involves the synthesis
and evaluation of small libraries of 2-imidazolines for their ability to inhibit NF-
kB mediated gene transcription (Scheme |-31). Previously we reported that

oxazol-5(4H)-ones undergo diastereoselective [3+2] cycloadditions with
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imines while in the presence of Lewis acids to afford highly substituted 2-
imidazolines.®'52  Furthermore, this class of imidazolines were found to be
potent inhibitors of NF-kB mediated gene transcription.®¢ Due to the potential

therapeutic value of inhibiting NF-xB mediated gene transcription,*46®

we
undertook a structure activity relationship study of this class of compounds
with the hopes of optimizing the compounds as potential drug candidates.
This project was done in collaboration with Dr. Daljinder Kahlon and Theresa
Lansdell. The data obtained from the structure activity relationship study as

well as the synthesis of the compounds is presented in detail in the following

chapter.
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Scheme 1-31. Research presented in this dissertation.

The second research project presented in this disseration involves the
development of a new method for the alkylation of oxazol-5(4H)-ones.'® We
discovered oxazol-5(4H)-ones to undergo ene-type alkylation reactions with
enol ethers to generate quaternary substituted oxazolones (Scheme 1-31).'
These quaternary substituted oxazol-5(4H)-ones represent pivotal
intermediates for synthesizing a variety of biologically interesting molecules

including tert-alkyl amino hydroxy carboxylic acids. The last two chapters of
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this dissertation describe our current findings on this new methodology
including the scope and mechanism of the reaction. Furthermore, this
dissertation also includes the use of Brgnsted acid catalysis for improving the
stereoselectivity of the reaction.”® Also included is the use of this chemistry in
synthesizing a class of molecules known to be potent inhibitors of the 20S

proteasome.
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CHAPTER I

INHIBITION OF NF-xB MEDIATED GENE TRANSCRIPTION BY 2-
IMIDAZOLINES DERIVED FROM OXAZOL-5(4H)-ONES

A. Synthesis of 2-imidazolines via miinchnone/imine cycloadditions.

The imidazoline scaffold is found in a variety of molecules exhibiting biologically
interesting properties.! Imidazoline derivatives have been illustrated to exhibit a
wide range of biological activity including anti-inflammatory, anti-nociceptive,
immuno-modulating, antioxidant activites and many more.>*  Furthermore,
molecules containing imidazoline cores have been shown to possess anti-cancer
relevant properties.>*% In addition to exhibiting a wide range of biological
activity, imidazolines have also proven to be useful substrates in synthetic
organic chemistry. Imidazolines are convenient building blocks for the synthesis
of a variety of biologically interesting molecules including azapenams,
dioxocyclams, and diazapinones.® They also have been illustrated to be valuable
substrates in asymmetric catalysis both as chiral catalysts and as chiral
auxiliaries. Enantiopure imidazolines serve as useful intermediates for the
synthesis of various chiral ligands including 1,2-diamines.”  Additionally,
imidazolines have served as precursors to chiral catalysts such as N-heterocyclic

carbenes.®®

As a result of their biological and chemical significance, new methods for

synthesizing highly substituted 2-imidazolines are still of high interest. Traditional
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methods for their preparation include the condensation of 1,2-diamines to
construct aminals, which are subsequently reduced to afford the desired
imidazolines.'® Interestingly, relatively few examples have been reported using
oxazol-5(4H)-ones to synthesize 2-imidazolines.'’'* Cycloadditions of imines
with the 1,3-mesoionic tautomer of oxazol-5(4H)-ones, minchnones, present
researchers with an ideal opportunity to synthesize 2-imidazolines with high
levels of structural diversity.>'* Unfortunately, cycloaddition reactions of
minchnones with imines are generally plagued by the formation of undesired
side products.>'*'® Highly substituted B-lactams are often produced in high
yields upon heating oxazol-5(4H)-ones in the presence of imines.'” Previous
studies have indicated that B-lactams are produced from oxazol-5(4H)-ones via
Staudinger-like [2+2] cycloadditions of their amidoketene isomer (Scheme II-1).®
Investigations by Huisgen and co-workers established that N-alkylation of
manchnones increases the concentration of the mesoionic tautomer required to
facilitate the desired [3+2] cycloaddition. To this end, Consonni and coworkers
successfully illustrated that N-alkyl minchnones undergo [3+2] cycloadditions
with N-(phenyimethylene)benzenesulphonamides to afford fully substituted
imidazoles (Scheme 11-1)." The authors propose that aromatization occurs

through the decarboxylation of the intermediate cycloadduct followed by

expulsion of benzenesulphinic acid.
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Scheme lI-1. Traditional cycloadditions of miinchnones/amidoketenes with
imines.
Recently, we pioneered the use of Lewis acids as mild and effective
reagents for promoting [3+2] cycloaddition reactions of oxazol-5(4H)-

ones.12'13'2°

Lewis acids coordinate to oxazol-5(4H)-ones increasing the
equilibrium concentration of their mesoionic minchnone tautomers. The
relatively mild conditions at which the minchnones are generated prevent the
decarboxylation of primary cycloadducts, thus allowing for the isolation of
dihydro-heterocycles such as 2-imidazolines. We demonstrated that
imidazolines with four point diversity can be diastereoselectively produced via
a silicon mediated 1,3-dipolarcycloadditions of oxazol-5(4H)-ones with imines

(Scheme 11-2)."* Oxazol-5(4H)-ones were treated with TMSCI while in the

presence of imines affording highly substituted 2-imidazoline products.
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Scheme lI-2. Lewis acid mediated synthesis of imidazolines.

Interestingly, varying the substitution pattern of the oxazol-5(4H)-one
precursors allows for the selective generation of either anti-imidazolines or
syn-imidazolines (with respect to the R, and R4 substituents, Scheme II-2).
The diastereoselectivity of these reactions appears to be the result of a
combination of steric and electronic factors. The reaction of 2-aryloxazol-
5(4H)-ones with imines results predominantly in the formation of anti-
imidazolines (Figure 1I-1). The high diastereoselectivity is attributed to a steric
interaction between the bulky silyl moiety and the R4 substituent of the imine
causing a preferential endo approach of the imine.'* Complete reversal of
diastereoselectivity was observed utilizing 2-alkyl-4-aryloxazol-5(4H)-ones and
imines substituted with aryl R, substituents.?’ The syn diastereoselectivity

appears to result from either mw-stacking or edge to face interactions between
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the aryl R4 and Rz substituents. An increase in syn selectivity was noted
when using mw-donating R2 groups and w-accepting R4 groups, supporting the
rationale for reversal of diastereoselectivity. Little or no diastereoselectivity is

observed in reactions involving 2,4-dialkyloxazol-5(4H)-ones with imines.

R3
R3 N> \R4 ’N_ .\\H
' 0‘6'/0 vs Ar—O~=0
\SND Rz =si® Ro
Endo-Favored Exo-Disfavored

Figure lI-1. Origin of diastereoselectivity using 2-aryloxazol-5(4H)-ones.

B. 2-imidazolines as inhibitors of NF-xB mediated gene transcription.

NF-kB is a mammalian transcription factor responsible for the regulation of more
than 150 genes.?2% The inhibition of the NF-kB signaling pathway has been a
focus of intense academic and industrial research as a target for development
novel pharmaceuticals.?* Since NF-kB is a pivotal regulator of a number of
genes associated with immune, inflammatory and anti-apoptotic responses, it is
recognized as an attractive target for controlling various disease states such as
cancer and arthritis.?>?® A variety of small molecule inhibitors of NF-kB mediated
gene transcription have been developed, some of which have gone through or
are currently undergoing clinical trials (Figure 1I-3). Perhaps the most common
method for impeding NF-kB mediated gene transcription is via the inhibition of
the proteolytic activity of the 26S proteasome.?’ The most successful example of

a 26S proteasome inhibitor is Bortezomib (also known as Velkade or PS-
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341).22  Cumently, Bortezomib is clinically used as a treatment of multiple
myeloma.?®*¥ Other known 26S proteasome inhibitors include MG-132,3' N-
acetyl-leucinyl-leucinyl-norleucinal  (ALLN)* and the natural products
Lactacystin®® and Salinosporamide A.3* Other small molecule inhibitors of NF-«B
mediated gene transcription include general kinase inhibitors (e.g.
hymenialdisines),*>>” specific IKK inhibitors (e.g. PS-1145 and BMS-345541),

inhibitors of I-kB ubiquitination (e.g. Ro106-9920)* and many more.

MG-132 ALLN Bortezomib

Figure l1-2. Small molecule inhibitors of NF-kB mediated gene transcription.

In 2002, we reported the oxazol-5(4H)-one derived imidazoline li-4 to be a
potent inhibitor of NF-kB mediated gene transcription via the inhibition of |-kB
degradation (Scheme 11-3).%* Imidazoline 114 inhibited NF-kB mediated gene
transcription in human cervical epithelial (HeLa) cells activated by TNF-a with an
ECso = 0.95 uM. In addition, imidazoline ll-4 was found not to induce apoptosis
as a single agent, but did increase the efficacy of several chemotherapeutic

reagents (e.g. camptothecin and cis-platin) illustrating its potential value in the
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treatment of cancer. The synthesis of imidazoline ll-4 is outlined in Scheme II-3
below.'#'* Cyclodehydration of N-benzoyl phenyl glycine with TFAA afforded
oxazol-5(4H)-one lI-2 in 92% yield. Oxazol-5(4H)-one lI-2 was subsequently
treated with TMSCI while in the presence of N-benzylidene-1-
phenyimethanamine to afford imidazoline -3 as the hydrochloride salt.
Treatment of imidazoline II-3 with saturated sodium bicarbonate afforded

imidazoline ll-4 as a white crystalline solid.

Ph
o )C\OzH Y Ph _ N _Ph Y 7
ph/lL'r:]| Ph ggz YCI 3 \g: TMSCI CI@N
e CH,Cl, H’
reflux Ph COH
-1 -2 68% Yield -3
Sat. NaHCO,
Solution
Ph7
Ph \'/ N
|
prh
Ph" "CO,H
4

Scheme lI-3. Synthesis of the NF-kB inhibitor imidazoline 11-4.

C. NFxB mediated gene transcription
As stated earlier, NF-kB is a transcription factor responsible for the regulation of
a wide variety of genes.?>?*> Genes regulated by NF-kB include those related to

41 activation of immune cell function,*? cellular

stress,*® inflammatory stimuli,
proliferation, apoptosis,*> and oncogenesis.* Specific proteins regulated by NF-

kB include various cytokines (IL-1, IL-2, TNF-a, and IL-6), chemokines (IL-8 and
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RANTES), cell adhesion molecules (ICAM 1, VCAM-1, and E-selectin), growth
factors, cyclin D1, cyclooxygenase (COX-2), matrix metalloproteinase (MMP-9)
as well as many others.***® The misregulation of NF-xB mediated gene
transcription is associated with a variety of diseases including rheumatoid
arthritis,?®**° inflammatory bowel disease,®® and cancer.’! For example, the
deregulation of TNF-a expression has been related to many diseases including
Crohn’s disease, rheumatoid arthritis (RA), multiple sclerosis and Alzheimer's
disease.*? Increased levels of TNF-a, IL-6 and IL-1B have been found in primary
fibroblast-like synoviocytes from patients with rheumatoid arthritis and
osteoarthritis. 24":5 Furthermore, the levels of NF-kB-DNA binding are much
greater in patients with rheumatoid arthritis, which is consistent with the observed
increased levels of pro-inflammatory cytokine production.>*

Structurally, NF-kB is a multi-subunit complex consisting of various
members of the Rel family of transcription factors including NF-kB1 (p105/p50),
NF-xB2 (p100/p52), RelA (p65), RelB, and c-Rel.2* These subunits can exist
as a variety of heterodimers and homodimers and are used to control the
selectivity of certain DNA control elements.*>*® In most unstimulated mammalian
cells, NF-«kB exists primarily as a p50/p50 homodimer or as a p50/p65
heterodimer. While in its inactive form, NF-kB exists in the cytoplasm as a
complex with its inhibitory protein, I-kB (Figure 1I-3). The NF-kB signaling
pathway is initiated by a variety of extracellular stimuli including antineoplastic
agents, viruses, phorbol esters, oxidative stress, and cytokines (e.g. TNF-a and
IL-1B).>” Upon activation of the NF-kB pathway, IKK kinases phosphorylate I-xB
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on serines 32 and 36.* This is followed by subsequent ubiquitinylation and
degradation of I-kB by the 26S proteosome.“>*” Upon proteolytic degradation of
1-kB, NF-kB is released allowing for its translocation into the nucleus.*® Once

inside the nucleus, it binds to various DNA control elements thus initiating gene
transcription. 43

S Chemotheraputic
Extracellular 5&?‘ agents
& > IKK
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(INF-q, I-1B) 55
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Figure 11-3. Mechanistic activation of the transcription factor NF-kB.

D. Development of a new class of 2-imidazoline based NF-«kB inhibitors

The inhibition of NF-kB mediated gene transcription is recognized as an attractive
method for potentially treating a wide variety of disease states.®’ To this end, the
development of novel small molecule regulators of NF-kB mediated gene
transcription is of great value. As previously mentioned, prior studies in our
research group found imidazoline 114 to be a relatively potent inhibitor of NF-kB

mediated gene transcription.®*® In addition, imidazoline Il-4 represents a new
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class of molecule for the inhibition of NF-kB signaling pathways. As a part of our
diversity oriented synthesis research program aimed at the development of new
biologically interesting compounds, we set out to optimize imidazoline ll-4 for its
ability to inhibit the NF-xB mediated gene transcription.

While imidazoline lI-4 was demonstrated to be a potent inhibitor of NF-kB
mediated gene transcription, questions regarding the structural integrity of the
compound made imidazoline lI-4 an unlikely candidate for pharmaceutical use.
Imidazoline l1-4 is a primary cycloadduct obtained from a [3+2] cycloaddition
reaction of a minchnone with an imine. Early studies regarding minchnone
cycloaddition chemistry illustrated that the primary cycloaddition adducts
generated from these reactions readily decarboxylate and aromatize to afford a

cts.'®382  |n comparison to earlier methods

variety of hetero-aromatic produ
(refluxing in acetic anhydride), the Lewis acid mediated cycloaddition used to
synthesize imidazoline Hl-4 was conducted under relatively milder

121315203762 The mild reaction conditions (reflux in dichloromethane)

conditions.
utilized in the synthesis is more than likely responsible for preventing the
decarboxylation/aromatization of the product imidazoline 11-4.

Although new reaction methodology allowed for the synthesis and
isolation of imidazoline I1-4, the tendency of this class of primary cycloadducts to
decarboxylate led us to investigate the structural stability of the compound.
Exposure of imidazoline 114 to slightly elevated temperatures did in fact lead to
decarboxylation and generation of imidazolines II-56 and 116 and imidazole lI-7

(Scheme 1I-4). The decarboxylation of imidazoline ll-4 is believed to take place
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as outlined in Scheme 11452 Upon being exposed to slightly elevated
temperatures, imidazoline l1-4 decarboxylates generating an azomethine ylide
intermediate. The azomethine ylide intermediate then undergoes a 1,2-
prototopic shift affording imidazolines 1I-5 and 11-6. While imidazole II-7 is likely
produced from the oxidation of both imidazolines 115 and 11-6,%* only imidazoline
II-6 has been demonstrated to undergo aromatization in our laboratories.
However, it should be noted that 4,5-diaryl 2-imidazolines, such as imidazolines
16 and lI-8, have previously been demonstrated to exist in equilibrium under a
variety of conditions.®® This leads to the possibility that imidazoline II-5 may
potentially aromatize to imidazole II-7 by equilibrating to imidazoline 11-8 followed

by subsequent aromatization.

Ph Ph

7 Ph7
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\“/ Ph Y Ph THF @ll/ Ph
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/\
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Scheme lI-4. Decarboxylation of imidazoline 11-4.

The propensity of imidazoline 14 to decarboxylate under relatively mild

reaction conditions prompted us to question if imidazoline I1-4 was the molecule

58



responsible for inhibiting NF-kB signaling or if it was merely a precursor to the
actual reactive species.® To help answer this question, degradation products li-
5, 16, and lI-7 were isolated and evaluated for their ability to inhibit NF-xB
mediated gene transcription (Table II-1). Compounds Ii-5, 1I1-6, and II-7 were
evaluated for their ability to inhibit NF-kB mediated gene transcription in HelLa
cells activated by TNF-a using a luciferase-based reporter assay (See
experimental section). In addition, the three compounds were further evaluated
for their ability to inhibit IL-6 production in human whole blood stimulated by IL-
1B. Both assays illustrated that all three degradation products were less active
than their precursor, imidazoline ll-4, for inhibiting NF-kB mediated gene
transcription. Of the degradation products, the trans-aryl 2-imidazoline 115
illustrated the best inhibitory properties inhibiting NF-kB mediated luciferin
production with an ECsy value of 4.6 uM and IL-6 production with an ICsy value
equal to 2.5 pyM (Table 1I-1). The cis-aryl 2-imidazoline 1I-6 was found to be
slightly less effective in the luciferase reporter assay affording an ECs, value of
11.0 pM, while interestingly provided very similar results for inhibiting IL-6
production with an ICsp equal to 2.4 pyM (Table lI-1). The fully aromatized
imidazole lI-7 exhibited no ability to inhibit NF-kB mediated gene transcription in
the luciferase based reporter assay, and thus was not analyzed using the human
whole blood assay (Table lI-1). These results seem to indicate that parent
molecule imidazoline 1I-4 is most likely the molecular species responsible for the
nanomolar activity observed in our previous studies, although current studies are

still ongoing to further validate this conclusion.
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Compound Compound Inhibition of Inhibition of IL-6

Hela NF-kB Luc in human blood
Number Structure ECgo (1M) ICso (M)
Ph 'Bn
N
4 IQ—Ph 0.95 >20
Ph" CO,H
Ph ’Bn
N
I-5 A . 2,
N\)-—Ph 46 5
Ph
Ph o
N
-6 D—Ph 1.0 24
Ph
Ph ,Bn
N
n-7 Mph >20 -
Ph

Table lI-1. Evaluation of the degradation products produced from imidazoline li-4
for their ability to inhibit NF-xB signaling pathways.

Simultaneous to the structural integrity studies regarding imidazoline 11-4,
other members of our research group focused on its derivatization with
aspirations of discovering a compound illustrating increased stability while
maintaining a similar biological profile. To this end, Dr. Daljinder Kahlon
synthesized imidazoline derivatives 11-8, 11-9, and 1I-10 starting from imidazoline
1l-4.2 Esterification of imidazoline ll-4 using TMSCHN; followed by subsequent
reduction with LiAlH, afforded alcohol substituted imidazoline 11-8. Primary amide

substituted imidazoline II-9 was synthesized via an EDCI mediated coupling of
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imidazoline ll-4 with (NH,).COs;. Finally, imidazoline II-4 was treated with
(COCI), producing an acid chloride intermediate, which was subsequently treated
with ethanol affording the ethyl ester substituted imidazoline II-10. Compounds
11-8, 119, and 1I-10 were next evaluated for their ability to inhibit NF-xB mediated
gene transcription in HeLa cells using the luciferase based reporter assay. Both
imidazolines lI-8 and 1I-9 were devoid of any ability to inhibit NF-kB mediated
luciferase production in HelLa cells, while imidazoline 11-10 illustrated relatively
good activity with an ECs value of 2.5 pM.

Ph

e
|
N " ECso=>20uM
PR )—NH:
o
-9
EDCI, HOBt
DIPEA, (NH,);CO3
THF
Ph>
Ph 1. TMSCHN,
NN _p, L BenzeneMeOH j/ o _1-(COCh, Y on
N?COH 2. LIAIH, \2— CH,Cl, \2—
PR THF COzH 2. EtOH Ph" COoEt
-8 110
ECso = >20 M ECso = 2.5 uM

Scheme II-5. Derivatization of imidazoline li-4.

Upon discovering the ethyl ester substituted imidazoline 1I-10 to be a
potent inhibitor of NF-kB mediated gene transcription, Dr. Kahlon and Dr. Daniel
Jones further evaluated imidazoline N-10 for its structural stability.’® Small

molecules containing ester moieties are often susceptible to hydrolysis by blood
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and cellular esterases. To this end, imidazoline 1I-10 was evaluated for its ability
to resist hydrolysis in human whole blood to ensure that imidazoline 11-10 was in
fact the active compound and not just a pro-drug of imidazoline 1l-4. Incubation
of imidazoline 11-10 in human whole blood for 24 hours at 37°C afforded no
degradation of the compound as determined by LC/MS analysis providing

plausible evidence that imidazoline l1-10 was not a pro-drug for imidazoline 11-4.

E. Structure activity relationship study of trans-2-imidazolines

Upon discovering imidazoline 1I-10 to be a relatively potent inhibitor of NF-kB
mediated gene transcription, we next sought to structurally optimize the molecule
for its ability to inhibit NF-kB mediated gene transcription.¥’  Structural
optimization of this novel class of molecules would not only possibly lead to more
effective inhibitors of NF-kB signaling, but may also provide further insight into
their inhibitory mechanism. In a collaborative effort to structurally optimize these
compounds for their ability to inhibit NF-kB mediated gene transcription, Dr.
Daljinder Kahlon and | synthesized a variety of analogues of imidazoline 11-10.
We systematically synthesized a series of analogues of II-10, varying four
different positions of the imidazoline scaffold (Figure 14, Ry — Rs). The
compounds were synthesized via Lewis acid mediated 1,3-dipolar cycloaddition

reactions of oxazol-5(4H)-ones with imines as described previously.'?'>#!
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Y\z—Ph — Y\Z—Ra

1-10

Figure lI-4. Structure activity relationship study of imidazoline 1I-10.

The imidazoline analogues were then evaluated for their ability to inhibit
NF-kB mediated gene transcription using a luciferase based reporter assay in
human cervical epithelial (HeLa) cells with a stably transfected NF-kB-luc gene.
The cells were treated in the presence or absence various concentrations of the
imidazolines. The proteasome inhibitor MG-132 and DMSO (vehicle) were used
as positive and negative controls, respectively. Cells were pretreated for 30
minutes with the imidazolines/controls followed by TNF-a stimulation. Treatment
with the cytokine TNF-q, initiated the NF-kB signaling pathway, thus leading to
the degradation of the inhibitory protein |-kB (Figure 1I-5). Upon being released
into the cytoplasm, NF-kB was then translocated into the nucleus where it bound
to DNA and initiated the transcription of various genes including those
responsible for the production of the enzyme luciferase. Luciferase production
was evaluated after 8 hours. All samples were normalized to the TNF-a
activation control. Treatment of the HeLa/NF-kB-luc cells with imidazolines
without any TNF-a activation did not induce a significant amounts of luciferase

activity, indicating that the imidazolines did not stimulate the NF-kB pathway.
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Figure II-5. Methods for analyzing NF-kB inhibition.

Nuclear l

The compounds were further evaluated for their ability to inhibit production
of the cytokine IL-6 in human whole blood by Theresa Lansdell. Human whole
blood was activated with IL-1B inducing the production of cyctokine, IL-6, via NF-
kB mediated gene transcription (Figure II-5). Plasma was harvested and IL-18
induced IL-6 production was measured 22 hours after stimulation using a human

IL-6 ELISA (R&D Systems). The circulating IL-6 levels in IL-1B stimulated



samples were significantly higher than in unstimulated or the vehicle treated
blood. Pretreatment of the blood for 2 hours with the imidazolines, followed by IL-
1B stimulation resulted in a strong dose dependent inhibition of IL-6 production,
as compared to the no-drug treated control. The inhibitory properties of all the

imidazolines evaluated in this study are summarized in the following sections.

F. Structure activity relationship investigation of R;.

The structural optimization stt_ldies of the oxazol-5(4H)-one derived imidazoline IlI-
10 was initiated by first examining the R; substituent of the scaffold. These
derivatives were readily synthesized utilizing oxazol-5(4H)-ones derived from
phenyl glycine, alanine, tryptophan, and phenyl-alanine. Due to the increased
stability of imidazoline 11-10 over lI-4, all intermediate imidazolines were esterified
with TMSCHN: to provide compounds II-11 through WII-15 (Table lI-2). Pre-
treatment of the HeLa NF-kB-luc cells with imidazolines II-11 through II-15
followed by TNF-a stimulation resulted in a dose dependent decrease in
luciferase production (Table 1I-2). imidazolines lI-11 and lI-15 were the most
effective at inhibiting NF-kB mediated luciferin production with ECsq values of 7.2
UM and 5.9 uM respectively (Table 11-2). Compounds lI-11 to lI-15 were also
evaluated for their ability to inhibit NF-xB mediated IL-6 production in IL-18
stimulated human blood. Human whole blood was incubated with the
imidazolines lI-11 to 1115, for 2 hours and then activated with IL-1B inducing an
NF-kB mediated cytokine response. Similar to the HeLa NF-kB-luc assays,

compounds lI-11 and lI-15 were found to be the most potent with ICso values of

65



3.0 pM and 4.0 pM, respectively for the inhibition of IL-6 production. Since
compound lI-11 was found to be slightly more potent than compound lI-15, the
remainder of the compounds found in this study were derived from 2,4-diphenyl-
5(4H)-oxazolone II-2.

~
Ph N
Ph\rN
|
N\z—Ph
R, 'CO,Me
Inhibition of inhibition of IL-6
Compound R, HelLa NF-kB Luc in human blood
ECgo (LM) ICgo (HM)
5N
11 ©/ 75 3.0
112 HaC ™ ~20 6.3
13 Y"”* 18.0 6.6
Y
I-14 Of\g/ 11.2 16.2
N
H

b
I1-15 @—/ 59 4.0

Table lI-2. Structure activity relationship study of R;.

G. Structure activity relationship investigation of R..
The next series of derivatives synthesized were designed to evaluate the ester
functional group of imidazoline 11-10. Previously, we found that the ester or

carboxylic acid moieties found in imidazolines 1-10 and 1l-4 respectively to be
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critical for their activity.>®® Imidazolines containing other functional groups (e.g.
amides and alcohols) were found to be less active than their respective ester or
carboxylic acid derivatives.® Therefore, ester substituted imidazolines 1I-16
through 11-18 were synthesized via the esterification of imidazoline l1-4. All esters
(1-10, 1I-11, 1I-16 to 1I-18) were found to be excellent NF-xB inhibitors. Consistent
with our previous studies, the primary amide substituted imidazoline II-9 was
devoid of any significant activity in both assays (Table II-3). Interestingly,
complete removal of the R, substituent did not result in complete loss of inhibitory
function (Table 1I-3, compound 1I-5) although a reduction in potency was noted
(ECso = 5.5 yM and ICsp = 2.5 uM). The ethyl ester substituted imidazoline 1I-10
provided the best results inhibiting NF-kB mediated luciferin and IL-6 production
with an ECsp value of 2.5 uM and ICsp value of 0.8 uM respectively. Due to its
potency and stability against hydrolysis by esterases,’ the ethyl ester substituted
imidazoline I-10 was further evaluated through functionalization of its R3 and R,

moieties (Tables l1-4 and 1I-5).
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Ph

e
Ng—Ph
Ph\\ R2 J
Inhibition of Inhibition of IL-6
Compound R, HelLa NF-kB Luc in human blood
ECg (1M) ICso (uM)
111 CO,Me 75 3.0
I-10 CO,Et 25 0.8
I-16 CO,"Pr 23 1.9
17 CoziPr 35 20
n-18 CO,Bn 35 6.0
19 CONH, >20 18.1
-8 H 55 25

H. Structure activity relationship study of R;.

We next examined the R3 position of the ethyl ester substituted imidazoline 1I-10.
A series of imidazolines (lI-19 to I1I-26) containing various aromatic R;
substituents were synthesized and subsequently evaluated for their ability to
inhibit NF-kB mediated gene transcription (Table 11-4). Minor structural changes
had significant affects on overall potency of the imidazolines analyzed.

Substitution of this moiety with hetero-aromatic substituents seemed to cause a
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decrease in activity. The 4-pyridino-substituted imidazoline lI-19 was devoid of
activity in our HeLa NF-kB-luc assay and showed relatively weak activity (Table
14, ICso = 124 pM) in our whole blood assay. Furthermore, the 2-furyl
substituted imidazoline I-27 only exhibited moderate activity towards inhibiting
luciferase production (ECsp = 7.8 uM), while illustrating a relatively good
capability to inhibit IL-6 production (ICso = 1.9 yM). On the other hand, the para-
chloro substituted imidazoline 11-24 proved to be the most potent analogue in this
series inhibiting NF-kB mediated luciferin and IL-6 production with an ECsq value
of 1.9 uM and ICsp value of 0.3 puM respectively. As seen previously, the two
assays corresponded well in terms of their relative potencies. The only possible
exception was the aniline substituted imidazoline 11-21, which illustrated relatively
weak activity in the HeLa NF-kB-luc assay (Table 114, ECso = 10 uM) but showed
excellent activity (Table 11-4, ICso = 0.5 uM) in our whole blood assay. Overall,
this data indicated that increasing the lipophilic nature of the R; substituent

increased the overall inhibitory activity of the compounds.
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Ph N
Ph\'/N
Lo
PH" "CO,Et J
Inhibition of Inhibition of IL-6
Compound Rs HelLa NF-kB Luc in human blood
ECg (HM) ICso (uM)
110 §—© 25 0.8
I-19 7 N >20 12.4

e

—Q—Noz 3.4 05
121 §—©—NH2 10.4 05
—@—OMe 36 13
23 §—©—F 5.0 1.2
124 §—©—0| 15 03
25 §—©—CF3 14 08

26 §—©—Br 15 —
n-27 §—(/j 7.6 1.9

Table ll-4. Structure activity relationship study of R.

A

n-22

l. Structure activity relationship study of R,.
We next synthesized and analyzed imidazolines 1I-28 to 11-37 to analyze the
structural activity relationship of the fourth domain (Table II4, R, substituent).

This substituent proved to be the most sensitive to derivatization. Substitution of
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the Ry group of imidazoline 1I-10 by benzyl groups containing lipophilic
substituents increased its activity as indicated by the compounds 1I-28 to 11-33.
The para-bromobenzyl imidazoline 11-32 provided the best results in this set of
compounds inhibiting NF-kB mediated luciferin and IL-6 production with an ECso
value equal to 1.6 uM and ICs, value of 0.5 M respectively. Debenzylation of
imidazoline I1-10 afforded imidazoline I1-37, which was found to be inactive in
both assays. Interestingly, replacement of the benzyl moiety found in imidazoline
1-10 with electron deficient substituents almost completely abrogated any
inhibitory activity. For example, replacement of the benzyl substituent with an
acyl group (Table II-5, compound 11-36) resulting in complete loss of activity. In
addition, tosyl and benzoyl substituted imidazolines 11-34 and 11-35 provided no
inhibition of NF-kB luciferin production and only moderate efficacy in our whole
blood assay (Table II-5, ICs; values of 6.6 uM and 5.9 uM respectively).
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PhY N
|
prh
Ph™ 'CO,Et
inhibition of Inhibition of IL-6
Compound R, HelLa NF-kB Luc in human blood
ECso (M) ICso (uM)
110 /—Q 25 0.8
i,
I-28 /—©—0Me 55 14
“~f,
129 /—Q—Me 25 46
W,
130 /—-O—F 47 12
W,
131 /—O—CI 42 16
A,
132 /—-O—Br 16 05
M,
33 /——Q—CF3 6.7 15
W,
o
34 >—© 20 6.6
.,
Q
I35 5 Me >20 59
.0
0
1-36 >20 >20
V'b\,',
1137 H >20 >20
wl,

Table ll-5. Structure activity relationship study of Rs.
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J. Experimental
1. General.

Reactions were carried out in flame-dried glassware under nitrogen atmosphere.
All reactions were magnetically stirred and monitored by TLC with 0.25 pm pre-
coated silica gel plates using UV light to visualize the compounds. Column
chromatography was carried out on Silica Gel 60 (230-400 mesh) supplied by
EM Science. Yields refer to chromatographically and spectroscopically pure
compounds unless otherwise noted. Infrared spectra were recorded on a Nicolet
IR/42 spectrometer. 'H and '*C NMR spectra were recorded on a Varian Unity
Plus-500 spectrometer. Chemical shifts are reported in ppm relative to
tetramethylsilane (0.00 ppm) and CHCls (7.26 ppm for 'H NMR) and CDCl; (77.0
ppm '3C NMR) as the internal standards. The following abbreviations are used
to denote the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet and m =
multiplet. Gas chromatography / low resolution mass spectra were recorded on a
Hewlet-Packard 5890 Series Il gas chromatograph connected to a TRIO-1 El
mass spectrometer. HRMS were obtained at the Mass Spectrometry Facility of
Michigan State University with a JEOL JMS HX-110 mass spectrometer. Melting
points were obtained using an Electrothermal® capillary melting point apparatus

and are uncorrected.
2. Materials.

Reagents and solvents were purchased from commercial suppliers and used

without further purification. Anhydrous methylene chloride and benzene were
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dispensed from a delivery system which passes the solvents through a column
packed with dry neutral alumina. Anhydrous TMSCI required for these reactions

was distilled from calcium hydride.
3. Compound synthesis and characterization.

Imidazolines II-11 to 1I-15, 11-16 to 11-18, and 1I-28 to 11-33 were all prepared using
procedures previously reported.®'238”  |midazolines 1I-8 and 11-9 were also
prepared using reported procedures.® These compounds were prepared and
fully characterized by Dr. Daljinder Kahlon. Imidazole II-7 was an observed
byproduct from the decarboxylation of imidazoline ll-44. Imidazole Il-7 had been
previously prepared in our laboratories by Christopher Hupp. His spectroscopic
data was used to confirm the structure of imidazole II-7. For further details
regarding either the synthesis or characterization of these compounds, please

see the supporting information of the following publication:

Kahlon, D. K.; Lansdell, T. A.; Fisk, J. S.; Tepe, J. J.; Structural-activity
relationship study of highly-functionalized imidazolines as potent inhibitors of
nuclear transcription factor-kappaB mediated IL-6 production. Bioorg. Med.
Chem. 2009, 17, 3093-3103.57

O COH
Ph” >N~ “Ph
H

-1

2-benzamido-2-phenylacetic acid (lI-1): A solution of 2-phenyiglycine (12.0 g,
79.4 mmol) in 150 mL of 1M NaOH solution was treated dropwise with benzoyl
chloride (12.3 g, 87.3 mmol) at 0 °C. The solution was stirred overnight while

being allowed to warm to room temperature. The solution was then washed with
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EtOAc (1x100mL), cooled to 0 °C, and acidified with 2M HCIl. The aqueous
solution was then washed again with EtOAc (3x100mL). The combined EtOAc
washes were dried over magnesium sulfate and concentrated in vacuo. The
resulting crude solid was recrystallized using EtOAc/Hexanes to afford 14.5 g
(71% yield) of the title compound as a white crystalline solid. (m.p. = 178 °C —
179 °C) 'H NMR (500 MHz, DMSO-dg): & 5.61 (d, J = 7.5 Hz, 1H), 7.34 — 7.39
(m, 3H), 7.44 - 7.53 (m, 5H), 7.92 (d, J = 8.0 Hz, 2H), 9.02 (d, J = 7.5 Hz, 1H),
12.92 (bs, 1H); '*C NMR (125 MHz, DMSO-de): 5 56.82, 127.69, 127.88, 128.15,
128.18, 128.39, 131.45, 133.75, 137.11, 166.30, 171.92; IR (neat): 3306 cm™,
3054 cm”, 2923 cm”, 1734 cm”, 1653 cm”; LRMS (El): m/z calcd for
C15sH13NO3, 255.3; found, 255.4.

Ph
-2

2,4-diphenyl-5(4H)-oxazolone (II-35): A solution of N-benzoyl-2-phenyiglycine
11-34 (10.0 g, 39.2 mmol) in 250 mL of anhydrous dichloromethane was treated
with trifluoroacetic anhydride (8.6 g, 41.1 mmol) at room temperature for 12

hours. The solution was then washed with saturated NaHCO; (3x100 mL) and

brine (1x100mL), dried over sodium sulfate, and concentrated in vacuo resulting
| in 8.5 g (92% yield) of the titte compound as a yellow solid (m.p. = 80 °C - 81
°C). The title compound was used as is without further purification. 'H NMR
(500 MHz, CDCl;) (TMS): 6 5.53 (s, 1H), 7.33 — 7.44 (m, 5H), 7.50 — 7.53 (m,
2H), 7.59 - 7.63 (m, 1H), 8.07 — 8.09 (m, 2H); '*C NMR + DEPT (125 MHz,
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CDCl3) (TMS): 5 68.02, 125.50, 126.82, 128.13, 128.75, 128.90, 129.01, 133.15,
133.29, 162.74, 176.06; IR (KBr): 3063 cm™, 3032 cm™, 1827 cm™, 1649 cm™;
LRMS(E!): m/z caled for C1sH11NO2, 237.3; found, 236.9.

Ph

\2—Ph

COzH

di{(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic

acid hydrochloride (lI-3): A solution of benzyl amine (3.2 g, 29.5 mmol) and
benzaldehyde (3.1 g, 29.5 mmol) in 200 mL of anhydrous benzene was refluxed
under nitrogen for 2 hours and then concentrated in vacuo. The resulting residue
was redissolved into 300 mL of anhydrous dichloromethane. Then 2,4-diphenyl-
5(4H)-oxazolone lI-2 (7.0 g, 29.5 mmol) and chlorotrimethyisilane (4.2 g, 38.4
mmol) were added and the mixture was refluxed under nitrogen for 12 hours.
The solution was concentrated in vacuo and the resulting residue was
resuspended in EtOAc producing 9.4g (68% yield) of the title compound as a
white solid precipitate. The spectra matches that of previously published
literature.®'? (m.p. = 154 °C — 155 °C) 'H NMR (500 MHz, DMSO-de): 5 4.18 (d,
J = 16 Hz, 1H), 4.86 (d, J = 16 Hz, 1H), 5.59 (s, 1H), 6.71 (d, J = 7.5 Hz, 2H),
7.08-7.11 (m, 2H), 7.17-7.20 (m, 1H), 7.45-7.59 (m, 8H), 7.72-7.77 (m, 4H), 7.82-
7.85 (m, 1H), 7.97 (d, J = 7.5 Hz, 2H), 12.86 (bs, 1H), 13.99 (bs, 1H); *C NMR +
DEPT (125 MHz, DMSO-dg): 5 48.67 (-CH2), 73.86 (-CH), 75.91 (quaterary —C),
121.39 (aromatic —CH), 125.74 (aromatic —CH), 127.21 (aromatic —CH), 128.31
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(aromatic —CH), 128.67 (aromatic —CH), 128.89 (aromatic —CH), 129.05
(aromatic —CH), 129.11 (aromatic —CH), 129.45 (aromatic —CH), 129.55
(aromatic —CH), 129.95 (aromatic —CH), 132.80 (quatermary aromatic —C),
133.17 (quaternary aromatic —C), 134.26 (quatermary aromatic —C), 139.18
(quatemary aromatic —C), 165.66, 167.64; LRMS (El): m/z calcd for
C29H25N20,Cl, 469.0; found, 387.8 (-CO,).

Ph

)

Ph N

ll/\z—Ph

PR “CO,H
-4

di{(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic

acid (ll-4): A solution of imidazoline II-3 (5.0 g, 10.7 mmol) in 100 mL of
dichloromethane was washed with saturated sodium bicarbonate solution (2 X
100 mL) and brine solution (1 X 100 mL). The solution was then dried over
sodium sulfate and concentrated in vacuo. The resulting crude solid was purified
via crystallization (dichloromethane / hexanes) to afford 3.8 g (83% yield) of the
title compound as a white crystalline solid. The spectra matches that as
previously published literature.® (m.p. = 118 °C - 120 °C) 'H NMR (500 MHz,
CDCl3): 8 3.77 (d, J = 16 Hz, 1H), 4.59 (d, J = 16 Hz, 1H), 4.92 (s, 1H), 6.59 (d, J
= 7.5 Hz, 2H), 7.05-7.08 (m, 1H), 7.26-7.32 (m, 5H), 7.36-7.39 (m, 5H), 7.46-7.49
(m, 1H), 7.49-7.52 (m, 2H), 7.86 (d, J = 7.5 Hz, 1H), 9.18 (bs, 1H); 'C NMR +
DEPT (125 MHz, CDCl;): 5 48.35 (-CH2), 75.58 (-CH), 79.04 (quaternary —C),
122.86 (quatemary aromatic —C), 125.73 (aromatic —CH),, 126.70 (aromatic —
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CH), 127.36 (aromatic —CH), 127.91 (aromatic —CH), 128.18 (aromatic —CH),
128.85 (aromatic —CH), 128.91 (aromatic —CH), 128.97 (aromatic —CH),129.27
(aromatic —CH), 132.93 (aromatic —-CH), 133.74 (quaternary aromatic —C),
136.01 (quaternary aromatic —C), 143.15 (quatermary aromatic —C), 164.70,
167.96; IR (neat): 3061 cm™, 2700 cm™, 1633 cm™, 1550 cm™, 1340 cm’™”

Ph

o
Nl\:)—Ph
Ph

s

di{(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole (lI-5): The title
compound was isolated in small amounts via a decarboxylation of imidazoline li-
4. A solution of imidazoline 14 (0.7 g, 1.62 mmol) in 100 mL of THF was
refluxed for 5 hours. The solution was then concentrated in vacuo resulting in a
crude mixture of imidazolines I1-5 and 116 and imidazole II-7 in a 2:1:1 ratio
respectively. The crude residue was then purified via column chromatography
(10% MeOH / 90% CH.Cl,) affording 112 mg (18% yield) of the title compound
as a white solid. (m.p. =78 °C — 80 °C) 'H NMR (500 MHz, CDCl3): 5 3.99 (d, J
= 16 Hz, 1H), 4.41 (d, J = 8.5 Hz, 1H), 4.77 (d, J = 15.5 Hz, 1H), 5.07 (d, J = 8.5
Hz, 1H), 7.00-7.01 (m, 2H), 7.18-7.23 (m, 2H), 7.24-7.30 (m, 4H), 7.31-7.33 (m,
2H), 7.34-7.39 (m, 3H), 7.42-7.45 (m, 2H), 7.53-7.55 (m, 3H), 7.88-7.90 (m, 2H);
3C NMR + DEPT (125 MHz, CDCl3): 6 49.63, (-CH2), 72.57 (-CH), 77.95 (-CH),
126.72 (aromatic —CH), 126.96 (aromatic —CH), 127.13 (aromatic —CH), 127.42

(aromatic —CH), 127.72 (aromatic —CH), 127.94 (aromatic —CH), 128.34
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(aromatic —-CH), 128.42 (aromatic —CH), 128.58 (aromatic —CH), 128.65
(aromatic —CH), 128.81 (aromatic —CH), 130.07 (aromatic —CH), 131.34
(aromatic quaternary —C), 136.42 (aromatic quaternary —C),141.82 (aromatic
quaternary —C), 143.90 (aromatic quaternary —C), 165.91; IR (neat): 3063 cm™,
3030 cm™, 1595 cm™; HRMS (ESI): m/z calcd for CzsH24N2 [M+H], 389.2018;
found, 389.2020.

H
Ph N

WNI:?—Ph

Ph
di{4R,5S)-2,4,5-triphenyl-4,5-dihydro-1H-imidazole: = This compound was
made according to a reported literature procedure.®® A solution of benzaldehyde
(10.0 g, 94.2 mmol) and hexamethyldisalizane (18.2 g, 113.0 mmol) was treated
with benzoic acid (57.5 mg, 0.5 mmol) and heated to 120 °C for 22 hours. The
solution was then dissolved into 50 mL of toluene and washed with sat. NaHCO;
(2 x 50 mL), water (1 x 50 mL), and brine (1 x 50 mL). The solution was then
dried over magnesium sulfate and concentrated in vacuo. The resulting residue
was purified via column chromatography (10% MeOH, 90% CH,Cl,) affording 5.8
g (62% yield) of the title compound as a white solid. (m.p. = 123 ° - 124 °C) 'H
NMR (500 MHz, CDCls): 5 4.90 (bs, 1H), 5.43 (s, 2H), 6.95-7.15 (m, 10H), 7.47-
7.50 (m, 2H), 7.51-7.60 (m, 1H), 7.97-8.10 (m, 2H); '3C NMR (125 MHz, CDCl)
(TMS): 6 70.70, 126.68, 127.21, 127.45, 127.53, 128.54, 130.05, 130.93, 138.98;
IR (neat): 3385 cm™, 3165 cm™, 3028 cm™, 1599 cm™; HRMS (ESI): m/z calcd
for C21H1sN2 [M+H], 299.1548; found, 299.1541.
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di{4R,5S)-1-benzyi-2,4,5-triphenyl-4,5-dihydro-1H-imidazole  (lI-6): A
solution of dI-(4R,5S)-2,4,5-triphenyl-4,5-dihydro-1H-imidazole (0.3 g, 1.01 mmol)
and benzyl bromide (0.2 g, 1.06 mmol) in 20 mL of anhydrous benzene was
treated with triethyl amine (0.2 g, 2.02 mmol). The solution was refluxed for 15
hours and then washed with saturated NaHCO; (2x20mL) and brine (1x20mL).
The solution was then dried over sodium sulfate and concentrated in vacuo. The
resulting crude residue was purified via column chromatography (10% MeOH /
90% CHCl,) affording 77 mg (20% yield) of the title compound as a yellow oil.
'H NMR (500 MHz, CDCly): 5 3.85 (d, J = 15.5 Hz, 1H), 4.77 (d, J = 16 Hz, 1H),
492 (d, J = 11.5 Hz, 1H), 56.55 (d, J = 11 Hz, 1H), 6.90-6.96 (m, 5H), 6.97-7.00
(m, 4H), 7.02-7.09 (m, 3H), 7.25-7.29 (m, 3H), 7.50-7.53 (m, 3H), 7.81-7.83 (m,
2H); *C NMR + DEPT (125 MHz, CDCl,): 5 48.97 (-CH2), 68.38 (-CH), 72.94 (-
CH), 126.23 (aromatic —-CH), 127.07 (aromatic —CH), 127.30 (aromatic —~CH),
127.52 (aromatic —CH), 127.80 (aromatic —CH), 127.86 (aromatic —CH), 127.93
(aromatic —CH), 128.07 (aromatic —CH), 128.54 (aromatic —CH), 128.56
(aromatic —CH), 128.72 (aromatic —CH), 130.18 (aromatic —CH), 131.17
(aromatic quaternary —C), 136.64 (aromatic quaternary -C), 136.82 (aromatic
quatemary —C), 139.32 (aromatic quatemary —C), 167.15; IR (neat): 3030 cm™,
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2924 cm™, 1595 cm™; HRMS (ESI): m/z calcd for CasH24N2 [M+H], 389.2018;
found, 389.2017.

Ph
Ph N

ll/\z—Ph

PR “CO,Et
110

(4S,5S)-ethyl-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-

carboxylate (lI-10): A solution of di-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-
dihydro-1H-imidazole-4-carboxylic acid hydrochloride 1I-3 (4.0 g, 8.53 mmol) and
oxalyl chloride (3.25 g, 25.6 mmol) in 200 mL of anhydrous dichloromethane was
treated with 200 pL of DMF at 0°C. The solution was stirred for 3 hours and then
concentrated in vacuo. The resulting yellow solid was cooled to 0 °C and treated
with 125 mL of ethanol and stirred for 4 hours. The solution was concentrated in
vacuo and then dissolved into 100 mL of dichioromethane before being washed
with saturated NaHCO; (3 x 100 mL) and brine (1 x 100 mL). The solution was
then dried over sodium sulfate and then concentrated in vacuo. The resulting
crude residue was purified via silica gel column chromatography (40% EtOAc /
60% Hexanes) affording 3.6 g (92% vyield) of the title compound as a white solid
(m.p. = 87 ° -89 °C). 'H NMR (500 MHz, CDCl,): 5 0.82 (t, J = 7 Hz, 3H), 3.61
(dq, J1 = 11 Hz, Jo = 7.5 Hz, 1H), 3.73 (dq, J: = 11 Hz, J, = 7.5 Hz, 1H), 3.85 (d, J
=16 Hz, 1H), 4.64 (d, J = 16 Hz, 1H), 4.94 (s, 1H), 6.74 (d, J = 7.5 Hz, 2H), 7.04-
7.07 (m, 2H), 7.09-7.12 (m, 1H), 7.25-7.30 (m, 1H), 7.32-7.40 (m, 7H), 7.45-7.48
(m, 3H), 7.73-7.77 (m, 4H); '3C NMR + DEPT (125 MHz, CDCl;): 5 13.46 (-
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CH3), 48.61 (-CH2), 60.95 (-CH2), 73.78 (-CH), 82.89 (quaternary —C), 126.80
(aromatic —CH), 127.12 (aromatic —CH), 127.30 (aromatic —CH), 127.34
(aromatic —CH), 127.97 (aromatic —CH), 128.15 (aromatic —CH), 128.27
(aromatic —CH), 128.37 (aromatic —CH), 128.44 (aromatic —CH), 128.55
(aromatic —CH), 128.82 (aromatic —CH), 130.26 (aromatic —CH), 130.65
(quaternary aromatic —C), 136.67 (quatemary aromatic —C), 137.95 (quaternary
aromatic —C), 144.15 (quaternary aromatic —C), 165.39, 170.78; IR (neat): 3063
cm™, 2960 cm™, 1732 cm™, 1595 cm™; HRMS (ESI): m/z calcd for CaiH2sN20;
[M+H], 461.2229; found, 461.2225.

Ph

P

L

N \

PR CO,Et
119

di{(4S,5S)-ethyl-1-benzyl-2,4-diphenyl-5-(pyridin-4-yl)-4,5-dihydro-1H-

imidazole-4-carboxylate (11-19): A solution of benzyl amine (0.2 g, 2.11 mmol)
and 4-pyridylcarboxaldehyde (0.2 g, 2.11 mmol) in 50 mL of anhydrous benzene
was reflux under nitrogen for 12 hours and then concentrated in vacuo. The
resulting residue was redissolved into 50 mL of anhydrous dichloromethane.
Then 24-diphenyl-5(4H)-oxazolone -2 (05 g, 211 mmol) and
chlorotrimethyisilane (0.3 g, 2.74 mmol) were added and the mixture was
refluxed under nitrogen for 12 hours. The solution was concentrated in vacuo
and the resulting residue was resuspended in EtOAc producing a white solid
precipitate (0.4 g) which was isolated via filtration. The white solid was then
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dissolved into 50 mL of dichloromethane, cooled to 0 °C, and treated with oxalyl
chloride (0.3 g, 2.68 mmol) and DMF (30 pL). The solution was stirred for 2
hours, concentrated in vacuo, and redissolved into 20 mL of EtOH before being
left to stir overnight. The solution was concentrated in vacuo and then dissolved
into dichloromethane before being washed with saturated NaHCO; (3 x 50 mL)
and brine (1 x 50 mL). The solution was then dried over sodium sulfate and then
concentrated in vacuo. The resulting crude residue was purified via column
chromatography (100% EtOAc) to afford 220 mg (23% yield) of the title
compound as a clear oil. 'H NMR (500 MHz, CDCl): 5 0.83 (t, J = 7.5 Hz, 3H),
3.66 (dq, J1 = 11 Hz, J2 = 7 Hz, 1H), 3.75 (dq, J1 = 11 Hz, J> = 7.5 Hz, 1H), 3.83
(d, J = 15.5 Hz, 1H), 4.62 (d, J = 15.5 Hz, 1H), 4.86 (s, 1H), 6.74 (d, J = 7.5 Hz,
2H), 7.05-7.08 (m, 2H), 7.12-7.14 (m, 1H), 7.28-7.37 (m, 5H), 7.49-7.52 (m, 3H),
7.71-7.72 (m, 2H), 7.79-7.81 (m, 2H), 8.63 (d, J = 6 Hz, 2H); *C NMR + DEPT
(125 MHz, CDCl3): 6 13.39 (-CH3), 49.24 (-CH2), 61.20 (-CH2), 72.62 (-CH),
83.06 (quaternary —C), 122.95 (aromatic —CH), 126.49 (aromatic —CH), 127.14
(aromatic —CH), 127.56 (aromatic —CH), 127.61 (aromatic —CH), 128.11
(aromatic —CH), 128.43 (aromatic —CH), 128.65 (aromatic —CH), 128.77
(aromatic —CH), 129.93 (aromatic quaternary —C), 130.60 (aromatic —CH),
135.86 (quaternary aromatic —C), 143.34 (aromatic quaternary —C), 147.28
(aromatic quaternary —C), 149.93 (aromatic -CH), 165.71, 170.23; IR (neat):
3063 cm™, 2982 cm™, 1734 cm”, 1597 cm”; HRMS (ESI): m/z calcd for

C30H27N302 [M+H], 462.2182; found, 462.2177.
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di{(4S,5S)-ethyi-1-benzyl-5-(4-nitrophenyl)-2,4-diphenyl-4,5-dihydro-1H-

imidazole-4-carboxylate (ll-20): A solution of benzyl amine (0.2 g, 2.11 mmol)
and 4-nitrobenzaldehyde (0.3 g, 2.11 mmol) in 50 mL of anhydrous benzene was
reflux under nitrogen for 12 hours and then concentrated in vacuo. The resulting
residue was redissolved into 50 mL of anhydrous dichloromethane. Then 2,4-
diphenyl-5(4H)-oxazolone lI-2 (0.5 g, 2.11 mmol) and chlorotrimethyisilane (0.3
g, 2.74 mmol) were added and the mixture was refluxed under nitrogen for 24
hours. The solution was concentrated in vacuo and the resulting residue was
resuspended in EtOAc producing a white solid precipitate (0.6 g) which was
isolated via filtration. The white solid was then dissolved into 25 mL of
dichloromethane, cooled to 0 °C, and treated with oxalyl chloride (0.5 g, 3.56
mmol) and DMF (30 pL). The solution was stirred for 2 hours, concentrated in
vacuo, and redissolved into 25 mL of EtOH before being left to stir overnight.
The solution was concentrated in vacuo and then dissolved into dichloromethane
before being washed with saturated NaHCO; (3 x 50 mL) and brine (1 x 50 mL).
The solution was then dried over sodium sulfate and then concentrated in vacuo.
The resulting crude solid was purified via column chromatography (50% EtOAc,
50% hexanes) affording 540 mg (51% yield) of the title compound as a white

solid. (m.p. = 173 °C — 174 °C) 'H NMR (500 MHz, CDCls): 5 0.83 (t, J = 7.5 Hz,



3H), 3.64 (dq, J1 = 11 Hz, J, = 7 Hz, 1H), 3.74 (dq, J; = 11 Hz, J> = 7 Hz, 1H),
3.81 (d, J = 16 Hz, 1H), 4.60 (d, J = 16 Hz, 1H), 4.93 (s, 1H), 6.71 (d, J = 7.5 Hz,
2H), 7.03-7.10 (m, 2H), 7.10-7.13 (m, 1H), 7.27-7.35 (m, 3H), 7.48-7.51 (m, 3H),
7.54 (d, J = 8.5 Hz, 2H), 7.67-7.69 (m, 2H), 7.77-7.80 (m, 2H), 8.21 (d, J = 9.5
Hz, 2H); *C NMR + DEPT (125 MHz, CDCh): 5 15.59 (-CH3), 49.46 (-CH2),
61.30 (-CH2), 73.16 (-CH), 83.32 (quatermary —C), 123.61 (aromatic —CH),
126.49 (aromatic —CH), 127.25 (aromatic —CH), 127.69 (aromatic —CH), 127.75
(aromatic —CH), 128.24 (aromatic —CH), 128.53 (aromatic —CH), 128.76
(aromatic —CH), 128.87 (aromatic —CH), 128.96 (aromatic —CH), 129.98
(aromatic —CH), 130.74 (aromatic —CH), 135.83 (quaternary aromatic —C),
143.45 (quaternary aromatic —C), 146.09 (quaternary aromatic —C), 147.76
(quaternary aromatic —C), 165.78, 170.42; IR (neat): 3063 cm™, 2982 cm™, 1732
cm’, 1597 cm™, 1350 cm™; HRMS (ESI): m/z calcd for CaiHz7N3O4 [M+H],
506.2080; found, 506.2076.
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PR CO,Et
I-21
di{(4S,5S)-ethyl-5{4-aminophenyl)-1-benzyl-2,4-diphenyl-4,5-dihydro-1H-
imidazole-4-carboxylate (lI-21): A solution of dI-(4S,5S)-ethyl-1-benzyl-5-(4-
nitrophenyl)-2,4-diphenyl-4,5-dihydro-1H-imidazole-4-carboxylate 1-20 (0.1 g, 0.2
mmol) H20 (36 mg, 2.0 mmol) in 10 mL of ethanol was treated with SnCl,2H,0

(0.3 g, 1.2 mmol). The solution was heated to reflux for 2 hours and cooled to
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room temperature before being poured over ice (~50 g). The pH of the resulting
aqueous solution was adjusted (pH = 8) using NaHCO3; powder. The solution
was then washed with EtOAc (3x50 mL). The combined EtOAc washes were
dried over sodium sulfate and concentrated in vacuo. The resulting residue was
purified via column chromatography (EtOAc) to afford 57 mg (60% vyield) of the
tile compound as a white solid. (m.p. = 60 °C — 62 °C) 'H NMR (500 MHz,
CDCl3): 6 0.91 (t, J = 7.5 Hz, 3H), 3.68-3.82 (m, 4H) 3.86 (d, J = 16 Hz, 1H), 4.60
(d, J = 15.5 Hz, 1H), 4.86 (s, 1H), 6.68 (d, J = 8.5 Hz, 2H), 6.78 (d, J = 7.5 Hz,
2H), 7.08-7.16 (m, 3H), 7.18 (d, J = 8 Hz, 2H), 7.27-7.30 (m, 1H), 7.35-7.36 (m,
2H), 7.47-7.50 (m, 3H), 7.75-7.78 (m, 4H); '*C NMR + DEPT (125 MHz, CDCl,):
013.57 (-CH3), 48.24 (-CH2), 60.86 (-CH2), 73.48 (-CH), 82.51 (quaternary —C),
114.84 (aromatic —CH), 126.78 (aromatic —CH), 127.07 (aromatic —CH), 127.16
(aromatic —CH), 127.19 (aromatic —CH), 127.86 (aromatic —CH), 128.29
(aromatic —CH), 128.46 (aromatic —CH), 128.70 (aromatic —CH), 129.18
(aromatic —CH), 130.09 (aromatic —CH), 130.84 (quaternary aromatic —C),
136.88 (quaternary aromatic —C), 144.24 (quaternary aromatic —C), 146.51
(quatemary aromatic —C), 165.19, 170.96; IR (KBr): 3460 cm™, 3373 cm™, 3063
cm?, 1732 cm™, 1614 cm™; HRMS (ESI): m/z calcd for Cs3iHzgN3O, [M+H],

476.2338; found, 476.2332.
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di{(4S,5S)-ethyl-1-benzyl-5(4-methoxyphenyl)-2,4-diphenyl-4,5-dihydro-1H-

imidazole-4-carboxylate (I1-22): A solution of benzyl amine (0.2 g, 1.91 mmol)
and p-anisaldehyde (0.3 g, 1.91 mmol) in 50 mL of anhydrous benzene was
reflux under nitrogen for 3 hours and then concentrated in vacuo. The resulting
residue was redissolved into 50 mL of anhydrous dichloromethane. Then 2 4-
diphenyl-5(4H)-oxazolone 11-2 (0.5 g, 1.91 mmol) and chlorotrimethyisilane (0.3
g, 2.48 mmol) were added and the mixture was refluxed under nitrogen for 12
hours. The solution was concentrated in vacuo and the resulting residue was
resuspended in EtOAc producing a white solid precipitate (450 mg) which was
isolated via filtration. The crude solid was then dissolved into 20 mL of EtOH,
treated with 1 mL of concentrated H,SO4, and refluxed for 42 hours. The solution
was concentrated in vacuo and then dissolved into dichloromethane before being
washed with saturated NaHCO; (3 x 50 mL) and brine (1 x 50 mL). The solution
was then dried over sodium sulfate and then concentrated in vacuo. The
resulting crude solid was purified via column chromatography (50% EtOAc / 50%
Hexanes) to afford 336 mg (36% yield) of the titte compound as an off-white
solid. (m.p. = 143 °C — 144 °C) 'H NMR (500 MHz, CDCl;): 5 0.85 (t, J = 7 Hz,
3H), 3.64 (dq, J1 = 10.5 Hz, J; = 7.5 Hz, 1H), 3.74 (dq, J1 = 10.5 Hz, J; = 7 Hz,
1H), 3.80 (d, J = 16 Hz, 1H), 3.81 (s, 3H), 4.57 (d, J = 15.5 Hz, 1H), 4.86 (s, 1H),
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6.74 (d, J = 7.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 7.04-709 (m, 2H), 7.09-7.20 (m,
1H), 7.25-7.33 (m, 5H), 7.44-7.47 (m, 3H), 7.72-7.74 (m, 4H); 'C NMR + DEPT
(125 MHz, CDCl3): & 13.58 (-CH3), 48.45 (-CH2), 55.25 (-CH3), 60.94 (-CH2),
73.33 (-CH), 82.66 (quaternary —C), 113.82 (aromatic —CH), 126.79 (aromatic —
CH), 127.12 (aromatic —-CH), 127.27 (aromatic —CH), 127.30 (aromatic —CH),
127.94 (aromatic —CH), 128.37 (aromatic -CH), 128.53 (aromatic —CH), 128.77
(aromatic —CH), 129.34 (aromatic —CH), 129.76 (aromatic —CH), 130.20
(aromatic —CH), 130.76 (aromatic quaternary —C), 136.76 (aromatic quaternary —
C), 144.17 (aromatic quaternary —-C), 159.59 (aromatic quaternary —C), 165.30,
170.90; IR (neat): 3032 cm™, 2934 cm™, 1732 cm™, 1595 cm™; HRMS (ESI):
m/z calcd for CaoH3oN203 [M+H], 491.2335; found, 491.2332.

Ph7
P"Wr"?_<:>,
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di{(4S,5S)-ethyi-1-benzyl-5-(4-fluorophenyl)-2,4-diphenyi-4,5-dihydro-1H-

imidazole-4-carboxylate (11-23): A solution of benzyl amine (0.2 g, 2.11 mmol)
and 4-fluorobenzaldehyde (0.3 g, 2.11 mmol) in 50 mL of anhydrous benzene
was reflux under nitrogen for 12 hours and then concentrated in vacuo. The
resulting residue was redissolved into 50 mL of anhydrous dichloromethane.
Then 2,4-diphenyl-5(4H)-oxazolone NlI-2 (0.5 g, 211 mmol) and
chlorotrimethyisilane (0.3 g, 2.74 mmol) were added and the mixture was

refluxed under nitrogen for 12 hours. The solution was concentrated in vacuo
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and the resulting residue was resuspended in EtOAc producing a white solid
precipitate (216 mg) which was isolated via filtration. The crude solid was then
dissolved into 15 mL of EtOH, treated with 1 mL of concentrated H,SO4, and
refluxed for 48 hours. The solution was concentrated in vacuo and then
dissolved into dichloromethane before being washed with saturated NaHCO; (3 x
50 mL) and brine (1 x 50 mL). The solution was then dried over sodium sulfate
and then concentrated in vacuo. The resulting crude solid was purified via
column chromatography (50% EtOAc / 50% Hexanes) to afford 124 mg (12%
yield) of the title compound as a white solid. (m.p. =96 °C — 97 °C) 'H NMR (500
MHz, CDCl): 6 0.84 (t, J = 7.5 Hz, 3H), 3.67 (dq, J1 = 10.5 Hz, J, = 7.5 Hz, 1H),
3.76 (dq, J1 = 10.5 Hz, J2 =7 Hz, 1H), 3.84 (d, J = 16 Hz, 1H), 463 (d, J = 15.5
Hz, 1H), 4.92 (s, 1H), 6.75-6.78 (m, 2H), 7.06-7.12 (m, 4H), 7.12-7.16 (m, 1H),
7.28-7.42 (m, 5H), 7.48-7.54 (m, 3H), 7.72-7.80 (m, 4H); *C NMR + DEPT (125
MHz, CDCl): & 13.53 (-CH3), 48.73 (-CH2), 61.04 (-CH2), 73.01 (-CH), 82.78
(quaternary —C), 115.35 (d, J = 21.6 Hz, aromatic -CH), 126.68 (aromatic —CH),
127.11 (aromatic -CH), 127.39 (aromatic -CH), 127.43 (aromatic —CH), 128.01
(aromatic —CH), 128.40 (aromatic —CH), 128.59 (aromatic —CH), 128.77
(aromatic —-CH), 129.73 (d, J = 8 Hz, aromatic —CH), 130.37 (aromatic —CH),
130.43 (aromatic —CH), 133.77 (d, J = 3 Hz, quaternary aromatic —C), 136.40
(quaternary aromatic —C), 143.90 (quaternary aromatic —C), 162.61 (d, J = 245
Hz, quaternary aromatic —C), 165.39, 170.70; IR (neat): 3063 cm™, 2982 cm™,
1732 cm™, 1597 cm™; HRMS (ESI): m/z caled for C31Hz7N2O2F [M+H], 479.2135;
found, 479.2130.
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di{(4S,5S)-ethyi-1-benzyl-5(4-chlorophenyl)-2,4-diphenyl-4,5-dihydro-1H-

imidazole-4-carboxylate (lI-24): A solution of benzyl amine (2.7 g, 25.3 mmol)
and 4-chlorobenzaldehyde (3.6 g, 25.3 mmol) in 250 mL of anhydrous benzene
was reflux under nitrogen for 24 hours and then concentrated in vacuo. The
resulting residue was redissolved into 250 mL of anhydrous dichloromethane.
Then 2,4-diphenyl-5(4H)-oxazolone -2 (6.0 g, 253 mmol) and
chlorotrimethylisilane (3.6 g, 32.9 mmol) were added and the mixture was
refluxed under nitrogen for 18 hours. The solution was concentrated in vacuo
and the resulting residue was resuspended in EtOAc producing a white solid
precipitate (7.9 g) which was isolated via filtration. The white solid was then
dissolved into 250 mL of dichioromethane, cooled to 0 °C, and treated with oxalyl
chloride (6.0 g, 47.1 mmol) and DMF (300 pL). The solution was stirred for 3
hours, concentrated in vacuo, and redissolved into 250 mL of EtOH before being
left to stir overnight. The solution was concentrated in vacuo and then dissolved
into dichloromethane before being washed with saturated NaHCO; (3 x 200 mL)
and brine (1 x 200 mL). The solution was then dried over sodium sulfate and
then concentrated in vacuo. The resulting crude solid was recrystallized using
EtOAc/Hexanes to afford 6.23 g (50% vyield) of the title compound as a white

crystalline solid. (m.p. = 165 °C — 166 °C) 'H NMR (500 MHz, CDCl;) (TMS): &
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0.86 (t, J = 7 Hz, 3H), 3.63 (dq, J1 = 11 Hz, J> = 7 Hz, 1H), 3.73 (dq, J1 = 10.5 Hz,
J2 =7 Hz, 1H), 3.80 (d, J = 15.5 Hz, 1H), 4.61 (d, J = 15.5 Hz, 1H), 4.87 (s, 1H),
6.74 (d, J = 7 Hz, 2H), 7.05-7.08 (m, 2H), 7.11-7.12 (m, 1H), 7.26-7.29 (m, 1H),
7.31-7.36 (m, 6H), 7.47-7.49 (m, 3H), 7.70-7.72 (m, 2H), 7.75-7.77 (m, 2H); '3C
NMR + DEPT (125 MHz, CDCl;) (TMS): 5 13.55 (-CH3), 48.83 (-CH2), 61.12 (-
CH2), 73.10 (-CH), 82.87 (quatemary —C), 126.68 (aromatic —CH), 127.17
(aromatic —CH), 127.46 (aromatic —CH), 127.49 (aromatic —CH), 128.06
(aromatic —CH), 128.45 (aromatic —CH), 128.63 (aromatic —CH), 128.65
(aromatic —CH), 128.81 (aromatic —CH), 129.49 (aromatic —CH), 130.41
(quatemary aromatic —C), 130.43 ((aromatic —CH), 134.08 (quaternary aromatic
—C), 136.35 (quaternary aromatic —C), 136.63 (quatemary aromatic —C),143.84
(quatemary aromatic ~C), 165.48, 170.65; IR (KBr): 3063 cm™', 2980 cm™, 1732
cm™, 1595 cm™; HRMS (ESI): m/z caled for C3iHz,CIN,O, [M+H], 495.1833;

found, 495.1834.

O

Ph” YCO,E
125

di{(4S,5S)-ethyl-1-benzyl-2,4-diphenyl-5-(4-(trifluoromethyl)phenyi)-4,5-
dihydro-1H-imidazole-4-carboxylate (lI-25): A solution of benzyl amine (0.5 g,
2.11 mmol) and 4-trifluoromethyl-benzaldehyde (0.4 g, 2.11 mmol) in 50 mL of

anhydrous benzene was reflux under nitrogen for 2 hours and then concentrated

in vacuo. The resulting residue was redissolved into 50 mL of anhydrous
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dichloromethane. Then 2,4-diphenyl-5(4H)-oxazolone II-2 (0.5 g, 2.11 mmol)
and chlorotrimethyisilane (0.3 g, 2.74 mmol) were added and the mixture was
refluxed under nitrogen for 24 hours. The solution was concentrated in vacuo
and the resulting residue was resuspended in EtOAc producing a white solid
precipitate (0.7 g) which was isolated via filtration. The crude solid was then
dissolved into 15 mL of EtOH, treated with 1 mL of concentrated H,SO,, and
refluxed for 64 hours. The solution was concentrated in vacuo and then
dissolved into dichloromethane before being washed with saturated NaHCO3 (3 x
50 mL) and brine (1 x 50 mL). The solution was then dried over sodium sulfate
and then concentrated in vacuo. The resulting crude solid was purified via
column chromatography (40% EtOAc / 60% Hexanes) to afford 159 mg (14%
yield) of the title compound as a white crystalline solid. (m.p. = 155 °C — 156 °C)
'H NMR (500 MHz, CDCl5) (TMS): 8 0.78 (t, J = 7 Hz, 3H), 3.63 (dq, J1 = 11 Hz,
J2 =7 Hz, 1H), 3.73 (dq, J1 = 10.5 Hz, J2 = 7 Hz, 1H), 3.82 (d, J = 16 Hz, 1H),
462 (d, J = 15.5 Hz, 1H), 4.94 (s, 1H), 6.73 (d, J = 7.5 Hz, 2H), 7.04-7.10 (m,
2H), 7.11-7.13 (m, 1H), 7.27-7.32 (m, 1H), 7.32-7.36 (m, 2H), 7.48-7.50 (m, 3H),
7.52 (d, J = 7.5 Hz, 2H), 7.64 (d, J = 8 Hz, 2H), 7.71-7.73 (m, 2H), 7.78-7.80 (m,
2H); *C NMR + DEPT (125 MHz, CDCl;) (TMS): 5 13.36 (-CH3), 49.05 (-CH2),
61.13 (-CH2), 73.21 (-CH), 83.07 (quaternary —C), 125.35 (g, J = 3.6 Hz,
aromatic —-CH), 123.97 (q, J = 270 Hz, quaternary —C), 126.62 (aromatic —CH),
127.16 (aromatic —CH), 127.51 (aromatic -CH), 127.56 (aromatic —CH), 128.10
(aromatic —CH), 128.44 (aromatic —CH), 128.65 (aromatic —CH), 128.83
(aromatic -CH), 130.46 (q, J = 32 Hz, quatemary —C), 130.53 (aromatic —CH),
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136.13 (aromatic quatemary -C), 142.44 (aromatic quatemary -C), 143.68
(aromatic quaternary —C), 165.59, 170.49; IR (neat): 3065 cm™, 2982 cm™, 1734
em?, 1597 ecm™; HRMS (ESI): m/z calcd for CagHzyN,OoF [M+H], 529.2103;
found, 529.2110.

Ph7
Phll/:‘z@—m
PR "CO,Et
-2

(4S,5S)-ethyl-1-benzyl-5-(4-bromophenyl)-2,4-diphenyl-4,5-dihydro-1H-
imidazole-4-carboxylate (lI-26): A solution of benzyl amine (0.2 g, 2.11 mmol)
and 4-bromobenzaldehyde (0.4 g, 2.11 mmol) in 50 mL of anhydrous benzene
was reflux under nitrogen for 3 hours and then concentrated in vacuo. The
resulting residue was redissolved into 50 mL of anhydrous dichloromethane.
Then 24-diphenyl-5(4H)-oxazolone W12 (05 g, 2.11 mmol) and
chlorotrimethyisilane (0.3 g, 2.74 mmol) were added and the mixture was
refluxed under nitrogen for 16 hours. The solution was concentrated in vacuo
and the resulting residue was resuspended in EtOAc producing a white solid
precipitate (0.7 g) which was isolated via filtration. The crude solid was then
dissolved into 50 mL of EtOH, treated with 1 mL of concentrated H,SO,4, and
refluxed for 24 hours. The solution was concentrated in vacuo and then
dissolved into dichloromethane before being washed with saturated NaHCO; (3 x
20 mL) and brine (1 x 20 mL). The solution was then dried over sodium sulfate

and then concentrated in vacuo. The resulting crude residue was purified via
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column chromatography (40% EtOAc / 60% Hexanes) to afford 201 mg (18%
yield) of the title compound as a white solid. (m.p. = 186 °C - 188 °C) 'H NMR
(500 MHz) (CDCls): 5 0.87 (t, J = 7 Hz, 3H), 3.69 (dq, J; = 10.5 Hz, J> = 7 Hz,
1H), 3.77 (dq, J1 = 10.5 Hz, J, = 7 Hz, 1H), 3.82 (d, J = 16 Hz, 1H), 4.62 (d, J =
16 Hz, 1H), 4.87 (s, 1H), 6.75 (d, J = 7.5 Hz, 2H), 7.07-7.10 (m, 2H), 7.13-7.16
(m, 1H), 7.27-7.31 (m, 3H), 7.33-7.36 (m, 2H), 7.49-7.53 (m, 5H), 7.72-7.74 (m,
2H), 7.76-7.79 (m, 2H); '*C NMR + DEPT (125 MHz) (CDCl): & 13.55 (-CH3),
48.8 (-CH2), 61.13 (-CH2), 73.14 (-CH), 82.83 (quatemary -C), 122.20
(quaternary aromatic —C), 126.66 (aromatic —CH), 127.15 (aromatic —CH),
127 .45 (aromatic —CH), 127.49 (aromatic —CH), 128.05 (aromatic —CH), 128.44
(aromatic —CH), 128.63 (aromatic —CH), 128.80 (aromatic —CH), 129.80
(aromatic —CH), 130.37 (quatermary aromatic —C), 130.43 (aromatic —CH),
131.60 (aromatic —CH), 136.31 (quatermary aromatic —C), 137.15 (quatemnary
aromatic —C), 143.80 (quaternary aromatic —C), 165.48, 170.63; IR (neat): 3100
cm™, 2981 cm™, 1730 cm™, 1595 cm™; HRMS (ESI): m/z calcd for C31H2sN2O,Br
[M+H]), 539.1334; found, 539.1338.

di{(4S,5R)-ethyl-1-benzyl-5-(furan-2-yl)-2,4-diphenyl-4,5-dihydro-1H-
imidazole-4-carboxylate (11-27): A solution of benzyl amine (0.2 g, 2.11 mmol)

and 2-furylaidehyde (0.2 g, 2.11 mmol) in 50 mL of anhydrous benzene was
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reflux under nitrogen for 3 hours and then concentrated in vacuo. The resulting
residue was redissolved into 50 mL of anhydrous dichloromethane. Then 2,4-
diphenyl-5(4H)-oxazolone lI-2 (0.5 g, 2.11 mmol) and chlorotrimethyisilane (0.3
g, 2.74 mmol) were added and the mixture was refluxed under nitrogen for 22
hours. The solution was concentrated in vacuo and the resulting residue was
resuspended in EtOAc producing a white solid precipitate (0.5 g) which was
isolated via filtration. The crude solid was then dissolved into 15 mL of EtOH,
treated with 1 mL of concentrated H,SO4, and refluxed for 21 hours. The solution
was concentrated in vacuo and then dissolved into dichloromethane before being
washed with saturated NaHCO3; (3 x 20 mL) and brine (1 x 20 mL). The solution
was then dried over sodium sulfate and then concentrated in vacuo. The
resulting crude residue was purified via column chromatography (40% EtOAc /
60% Hexanes) to afford 238 mg (25% yield) of the title compound as a yellow oil.
'H NMR (500 MHz) (CDCl5): 5 1.01 (t, J = 7 Hz, 3H), 3.86 (dq, J; = 10.5 Hz, J, =
7 Hz, 1H), 3.94 (dq, J; = 10.5 Hz, J2 = 7 Hz, 1H), 3.88 (d, J = 15.5 Hz, 1H), 4.54
(d, J = 16.5 Hz, 1H), 5.01 (s, 1H), 6.36-6.39 (m, 2H), 6.81-6.83 (m, 2H), 7.08-
7.13 (m, 2H), 7.25-7.28 (m, 1H), 7.31-7.34 (m, 2H), 7.43-7.46 (m, 4H), 7.71-7.75
(m, 4H); *C NMR + DEPT (125 MHz) (CDCls): 5 13.72 (-CH3), 49.01 (-CH2),
61.27 (-CH2), 67.97 (-CH), 81.21 (quatermnary —C), 109.30, (aromatic —CH),
110.50 (aromatic —CH), 126.55 (aromatic —-CH), 127.08 (aromatic —CH), 127.30
(aromatic —CH), 127.43 (aromatic —CH), 128.03 (aromatic —CH), 128.39
(aromatic —CH), 128.46 (aromatic —CH), 128.68 (aromatic —CH), 130.17

(aromatic —CH), 130.65 (quaternary aromatic —C), 136.51 (quaternary aromatic —
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C), 142.51 (aromatic —CH), 143.34 (quaternary aromatic —C), 151.41 (quaternary
aromatic —C), 165.47, 170.75; IR (neat): 3063 cm™, 2980 cm™, 1734 cm™, 1597
cm': HRMS (ESI): m/z calcd for C29H26N205 [M+H], 451.2016; found, 451.2005.
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(4S,5S)-ethyl-1-benzoyl-2,4,5-triphenyi-4,5-dihydro-1H-imidazole-4-

carboxylate (lI-34): A solution of d-(4S,5S)-ethyl-2,4,5-triphenyl-4,5-dihydro-
1H-imidazole-4-carboxylate 11-37 (100 mg, 0.27 mmol) and triethylamine (30.4
mg, 0.3 mmol) in 20 mL of anhydrous dichloromethane was treated with benzoyl
chloride (45.0 mg, 0.32 mmol) and DMAP (~20 mg). The solution was stirred at
room temperature for 24 hours and then washed with 2M HCI solution (2 x
20mL), saturated NaHCO; solution (2 x 20mL), and brine solution (1 x 20mL).
The solution was then dried over sodium sulfate and concentrated in vacuo. The
resulting residue was purified via silica gel column chromatography using silica
gel (30% ethyl acetate / 70% hexane as eluant) to afford the product as a white
solid (94 mg, 73% yield). (mp 61 °- 63 °C); 'H NMR (500 MHz, CDCls): 5 0.82 (t,
3H, J=6.5 Hz), 3.71 (dq, J1 = 11 Hz, J = 7.5 Hz, 1H), 3.79 (dq, J1 = 10.5 Hz, J;
= 7 Hz, 1H), 5.91 (s, 1H), 7.02-7.06 (m, 4H), 7.18-7.24 (m, 3H), 7.28-7.31 (m,
1H), 7.36-7.40 (m, 4H), 7.45-7.49 (m, 4H), 7.65-7.67 (m, 2H), 7.85-7.87 (m, 2H);
3C NMR (125 MHz, CDCl; + DEPT): & 131.41 (-CH3), 61.44 (-CH2), 74.49 (-
CH), 82.86 (quatemary —C), 126.51 (aromatic —CH), 127.54 (aromatic —CH),
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127.77 (aromatic —CH), 128.04 (aromatic —CH), 128.32 (aromatic —CH), 128.35
(aromatic —CH), 128.57 (aromatic —CH), 128.59 (aromatic —CH), 128.61
(aromatic —CH), 128.90 (aromatic —CH), 130.62 (aromatic quaternary —C),
130.80 (aromatic —CH), 131.27 (aromatic —CH), 134.62 (aromatic quatemary —
C), 137.95 (aromatic quaternary —C), 140.59 (aromatic quaternary —C), 161.12,
168.76, 169.41; IR (neat): 3061 cm™, 2982 cm™, 1749 cm™, 1721 cm™, 1599 cm
' HRMS (ESI): m/z calcd for C31H27N203 [M+H], 475.2022; found, 475.2028
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1-35

di{(4S,5S)-ethyl-2,4,5-triphenyi-1-tosyl-4,5-dihydro-1H-imidazole-4-

carboxylate (lI-35): A solution of di-(4S,5S)-ethyl-2,4,5-triphenyl-4,5-dihydro-
1H-imidazole-4-carboxylate 11-37 (155 mg, 0.42 mmol) and triethyl amine (42.5
mg, 0.42 mmol) in 20 mL of anhydrous dichloromethane was treated with tosyl
chloride (87.4 mg, 0.46 mmol) and DMAP (~10mg). The solution was stirred at
room temperature for 22 hours and then washed with 2M HCI solution (2x20mL),
saturated NaHCO; (2x20mL), and brine (1x20mL). The solution was then dried
over sodium sulfate and concentrated in vacuo. The resulting residue was
purified via precipitation (CH.Cl./Hexanes) to afford 160 mg (73% yield) of the

titte compound as a white solid. (m.p. = 150 °- 151 °C) 'H NMR (500 MHz)
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(CDCls): 8 0.71 (t, J = 7 Hz, 3H), 2.24 (s, 3H), 3.49 (dq, J1 = 10.5 Hz, J, = 7 Hz,
1H), 3.57 (dq, J1 = 10.5 Hz, J, = 7 Hz, 1H), 5.78 (s, 1H), 6.79 (d, J = 7.5 Hz, 2H),
6.96 (d, J = 8.5 Hz, 2H), 7.23-7.36 (m, 3H), 7.37-7.44 (m, 3H), 7.49-7.56 (m, 4H),
7.57-7.60 (m, 2H), 7.89-7.91 (m, 2H); '*C NMR (125 MHz) (CDCl): & 13.29,
21.43, 61.59, 75.16, 83.26, 126.67, 127.05, 127.34, 127.47, 127.79, 128.11,
128.54, 128.61, 129.20, 129.81, 130.25, 131.58, 134.74, 138.53, 142.20, 144.08,
160.07, 169.04; IR (neat): 3065 cm™, 3034 cm™, 1736 cm™, 1599 cm™; HRMS
(ESI): m/z calcd for CaqHzsN204S [M+H], 525.1848; found, 525.1859.
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-36
di{4S,5S)-ethyl-1-acetyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-
carboxylate (iI-36): A solution of di-(4S,5S)-ethyl-2,4,5-triphenyl-4,5-dihydro-
1H-imidazole-4-carboxylate 11-37 (100 mg, 0.3 mmol), acetic anhydride (32.7 mg,
0.32 mmol), EtsN (30.1 mg, 0.3 mmol) and 20 mL of anhydrous dichloromethane
was treated with DMAP (~ 10 mg). The solution was stirred for 48 hours and
then washed with 2M HCI (2 x 20 mL) and brine (1 x 20 mL). The solution was
then dried over sodium sulfate and concentrated in vacuo. The resulting crude
residue was purified via column chromatography (30% EtOAc / 70% Hexanes) to
afford 93 mg (84% yield) of the title compound as a white solid. 'H NMR (500
MHz, CDCh): 6 0.75 (t, J = 7 Hz, 3H), 1.72 (s, 3H), 3.62 (dq, J; = 10.5 Hz, J; =
7.5 Hz, 1H), 3.70 (dq, J1 = 10.5 Hz, J, = 7 Hz, 1H), 5.88 (s, 1H), 7.30-7.38 (m,
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4H), 7.40-7.49 (m, 4H), 7.50-7.53 (m, 1H), 7.73 (d, J = 7 Hz, 2H), 7.78-7.80 (m,
2H); 3C NMR + DEPT (125 MHz, CDCls): 5 13.35 (-CH3), 24.84 (-CH3), 61.41
(-CH2), 72.77 (-CH), 82.42 (quatemary —C), 126.47 (aromatic —CH), 127.36
(aromatic —CH), 127.71 (aromatic -CH), 128.24 (aromatic —CH), 128.51
(aromatic —CH), 128.57 (aromatic —CH), 128.64 (aromatic —CH), 131.13
(aromatic —CH), 131.36 (quaternary aromatic —C), 138.07 (quaternary aromatic —
C), 141.04 (quatemary aromatic —C), 160.01, 167.43, 169.31; IR (neat): 3065
cm™, 2982 cm™, 1736 cm™, 1684 cm™, 1624 cm™; HRMS (ESI): m/z calcd for
C26H24N203 [M+H], 413.1865; found, 413.1906.

Ph_N
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PR YCO,E
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dI(4S,5S)-ethyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylate (Il
37): A solution of dI-(4S,5S)-ethyl-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-
imidazole-4-carboxylate 11-10 (790 mg, 1.72 mmol), 10 mL of cyclohexene and 50
mL of anhydrous THF was treated with 300 mg of 10% Pd/C. The solution was
stimed under reflux for 24 hours and then filtered through celite. The resulting
solution was concentrated in vacuo resulting in a yellowish crude solid. The solid
was recrystallized (EtOAc/Hexanes) to afford 553 mg (87% yield) of the product
as a crystalline white solid (m.p. = 140 °C - 142 °C). 'H NMR (500 MHz, CDCls):
5 0.75 (t, J = 7 Hz, 3H), 3.46-3.52 (m, 1H), 3.67 (dq, J; = 11 Hz, J> = 7.5, 1H),
5.53 (bs, 1H), 6.13 (bs, 1H), 7.25-7.34 (m, 6H), 7.37-7.40 (m, 2H), 7.42-7.45 (m,
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2H), 7.48-7.51 (m, 1H), 7.78 (d, J = 8 Hz, 2H), 8.00 (d, J = 7.5 Hz, 2H); '3C NMR
(125 MHz, CDCl,): 5 13.23, 29.80, 61.61, 83.95, 126.43, 127.69, 127.72, 127.81,
127.93, 128.19, 128.30, 128.47, 129.81, 131.16, 140.04, 143.25, 162.83, 171.33;
IR (neat): 3368 cm™, 3063 cm™, 2982 cm™, 1730 cm™, 1599 cm™; HRMS (ESI):
mvz calcd for C24H22N20; [M+H], 371.1760; found, 371.1761.

4. Cell culture.

The human cell line HeLa-NF-kB-luc was purchased from Panomics Inc
(Fremont, CA). The cells were maintained in Dulbecco’s Modified Eagle’'s
medium (DMEM, Gibco Invitrogen, Fredrick, MD) containing 4.5 g/L glucose,
3.7 g/L bicarbonate, and supplemented with 5% fetal bovine serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, 1 mM sodium pyruvate, 0.2 mM L-glutamine
and 100 pg/mL of hygromycin B (Roche). The human cell line HeLa was
purchased from ATCC (Rockville, MD). The cells were maintained in DMEM
media containing 4.5 g/L glucose, 3.7 g/L bicarbonate, and supplemented with
10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin, 1 mM
sodium pyruvate, and 0.2 uM L-glutamine. Cells were cultured at 37 °C, 5% CO-
atmosphere, 97% relative humidity and were routinely passaged by trypsin-EDTA
(Life technologies, Gran Island NY) treatment to maintain a cell density between

2x10°%to 1 x 10°.
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5. NF-xB-Luc reporter assay.
HeLa NF-kB-luc cells (~5.0 x 10° cells/mL) were seeded into a 96 well white
opaque plate using DMEM medium supplemented with 5% fetal bovine serum,
100 U/mL penicillin, 100 pg/mL streptomycin, 1 mM sodium pyruvate, 0.2 mM L-
glutamine and 100 pg/mL of hygromycin B. The cells were incubated for
approximately 24 hours (37 °C, 5% CO. atmosphere, 97% relative humidity).
The media was then replaced with DMEM medium supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin. Cell cultures were pretreated with vehicle
(1% DMSO), 50 yM MG-132, or imidazoline (final concentrations of 20, 10, 5, 1,
0.5, 0.1, 0.05 pM) for 30 minutes at 37 °C, 5% CO, atmosphere with 97% relative
humidity. Then TNF-a was added to a final concentration of 25 ng/mL and the
samples were further incubated 8 hours. The plate was then equilibrated back to
room temperature and treated with 100 uL of Steady-Glo assay reagent in each
well. The contents of the plate were gently stired for 5 minutes and the
luminescence of each well was measured using a Veritas microplate
luminometer. All reported data are the average of two independent experiments.
The data was nomalized to TNF-a activation and the ECso values were
calculated using the equation for the sigmodial curve for variable slope.
Imidazolines 11-8 to 11-18, 11-28 to 11-34 and 11-37 were all evaluated by Dr.
Daljinder Kahlon for their ability to inhibit NF-kB mediated gene transcription
using the luciferase based reporter assay in human cervical epithelial (HelLa)
cells. The data obtained for the remainder of the imidazolines found within this

chapter are as follows:
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Figure 11-6. Dose response curve of imidazoline II-5.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable siope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 0.6615
HILLSLOPE -1.573
EC50 4.587
Std. Error
LOGECS0 0.06644
HILLSLOPE 0.2199
95% Confidence Intervals
LOGECS0 0.5167 to 0.8063
HILLSLOPE -2.052 to -1.094
EC50 3.287 to 6.402
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.9053
Weighted Sum of Squares (1/Y?) 0.4776
Absolute Sum of Squares 1680
Sy.x 11.83
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Figure lI-7. Dose response curve of imidazoline 11-6.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
:X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 1.041
HILLSLOPE -2.323
EC50 10.98
Std. Error
LOGECS50 0.02614
HILLSLOPE 0.2636
95% Confidence Intervals
LOGECS50 0.9836 to 1.098
HILLSLOPE -2.898 to -1.749
ECS50 9.630 to 12.52
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.9063
Weighted Sum of Squares (1/Y?) 0.1684
Absolute Sum of Squares 1170
Sy.x 9.876
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Figure lI-8. Dose response curve of imidazole II-7.

Equation

Equation:Sigmoidal dose-response (variable siope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

)Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS0 1.442
HILLSLOPE -4.380
EC50 27.67
Std. Error
LOGECS50 1.271
HILLSLOPE 38.93
95% Confidence Intervals
LOGECS0 -1.328t0 4.212
HILLSLOPE -89.20 to 80.44
EC50 0.04703 to 16276
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) -0.7661
Weighted Sum of Squares (1/Y?) 2.353
Absolute Sum of Squares 83736
Sy.x 83.53
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Figure 11-9. Dose response curve of imidazoline 1I-19.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HiliSlope))
;X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGEC50 -16000000
HILLSLOPE 4.577e-008
EC50 0.0

Std. Error
LOGEC50 6.437e+013
HILLSLOPE 0.1846

95% Confidence Intervals
LOGECS50 -140300000000000 to 1.403e+014
HILLSLOPE -0.4022 to 0.4022
EC50

Goodness of Fit
Degrees of Freedom 12
R? (unweighted) -0.04894
Weighted Sum of Squares (1/Y?) 0.6642
Absolute Sum of Squares 5107
Sy.x 20.63
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Figure 1I-10. Dose response curve of imidazoline 11-20.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10%((LogEC50-X)*HillSlope))
:X is the logarithm of concentration. Y is the response

'Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the “four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 0.5274
HILLSLOPE -1.103
EC50 3.368
Std. Error
LOGECS0 0.09375
HILLSLOPE 0.2016
95% Confidence Intervals
LOGEC50 0.3231 t0 0.7317
HILLSLOPE -1.542 to -0.6633
EC50 2.104 to 5.391
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.8888
Weighted Sum of Squares (1/Y?) 0.5685
Absolute Sum of Squares 2622
Sy.x 14.78
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Figure 1I-11. Dose response curve of imidazoline 11-21.
Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 1.018
HILLSLOPE -3.997
EC50 10.42
Std. Error
LOGEC50 0.04253
HILLSLOPE 0.6514
95% Confidence Intervals
LOGECS50 0.9251 to 1.110
HILLSLOPE -5.417 to -2.578
EC50 8.416 to 12.89
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.7016
Weighted Sum of Squares (1/Y?) 0.7730
Absolute Sum of Squares 6579
Sy.x 23.42
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Figure 1I-12. Dose response curve of imidazoline lI-22.
Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 0.5606
HILLSLOPE -2.827
EC50 3.636
Std. Error
LOGECS50 0.04631
HILLSLOPE 0.2267
95% Confidence Intervals
LOGECS50 0.4597 to 0.6615
HILLSLOPE -3.321 t0 -2.333
EC50 2.882 to 4.587
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.8824
Weighted Sum of Squares (1/Y?) 0.9896
Absolute Sum of Squares 2857
Sy.x 14.88
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Figure 11-13. Dose response curve of imidazoline 11-23.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSiope))
:X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable siope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 0.6955
HILLSLOPE -3.501
EC50 4.960
Std. Error
LOGEC50 0.02404
HILLSLOPE 0.1814
95% Confidence Intervals
LOGECS50 0.6431 to 0.7479
HILLSLOPE -3.896 to -3.106
EC50 4.396 to 5.596
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.9216
Weighted Sum of Squares (1/Y?) 0.3893
Absolute Sum of Squares 2316
Sy.x 13.89
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Figure II-14. Dose response curve of imidazoline li-24.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
:This is identical to the "four parameter logistic equation"”
Sigmoidal dose-response (variable siope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGEC50 0.1865
HILLSLOPE -1.372
EC50 1.536
Std. Error
LOGECS50 0.1216
HILLSLOPE 0.2049
95% Confidence Intervals
LOGECS0 -0.07849 to 0.4515
HILLSLOPE -1.818 to -0.9252
EC50 0.8347 to 2.828
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.9176
Weighted Sum of Squares (1/Y?) 1.296
Absolute Sum of Squares 1784
Sy.x 12.19
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Figure 1I-15. Dose response curve of imidazoline 1I-25.
Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogeC50-X)*HillSlope))
:X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 0.1328
HILLSLOPE -1.114
EC50 1.358
Std. Error
LOGEC50 0.08592
HILLSLOPE 0.1163
95% Confidence Intervals
LOGECS50 -0.05440 to 0.3200
HILLSLOPE -1.367 to -0.8605
EC50 0.8823 to 2.090
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.9193
Weighted Sum of Squares (1/Y?) 0.5104
Absolute Sum of Squares 2147
Sy.x 13.37
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Figure 1I-16. Dose response curve of imidazoline 11-26.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values

BOTTOM 0.0
TOP 100.0
LOGECS50 0.1806
HILLSLOPE -0.6560
EC50 1.516
Std. Error
LOGEC50 0.2083
HILLSLOPE 0.1962
95% Confidence Intervals
LOGECS50 -0.2733 to 0.6346
HILLSLOPE -1.084 to -0.2285
EC50 0.5329 to 4.311
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.6390
Weighted Sum of Squares (1/Y?) 2.023
Absolute Sum of Squares 5723
Sy.x 21.84
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Figure 11-17. Dose response curve of imidazoline II-27.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGEC50 0.8822
HILLSLOPE -4.538
EC50 7.625
Std. Error
LOGECS50 0.01939
HILLSLOPE 0.2486
95% Confidence Intervals
LOGECS50 0.8400 to 0.9245
HILLSLOPE -5.080 to -3.997
EC50 6.918 to 8.404
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.9361
Weighted Sum of Squares (1/Y?) 0.2804
Absolute Sum of Squares 1504
Sy.x 11.20
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Figure 11-18. Dose response curve of imidazoline 11-35.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HillSlope))
;X is the logarithm of concentration. Y is the response

;Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGECS50 1.562
HILLSLOPE -1.288
EC50 36.47
Std. Error
LOGECS50 0.4649
HILLSLOPE 1.505
95% Confidence Intervals
LOGECS50 0.5489 to 2.575
HILLSLOPE -4.567 to 1.992
EC50 3.539 to 375.9
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) -0.004981
Weighted Sum of Squares (1/Y?) 0.9391
Absolute Sum of Squares 15189
Sy.x 35.58
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Figure 1I-19. Dose response curve of imidazoline 11-36.

Equation

Equation:Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10*((LogEC50-X)*HiliSlope))
;X is the logarithm of concentration. Y is the response

)Y starts at Bottom and goes to Top with a sigmoid shape.
;This is identical to the "four parameter logistic equation”
Sigmoidal dose-response (variable slope)

Best-fit values
BOTTOM 0.0
TOP 100.0
LOGEC50 2.225
HILLSLOPE -0.8564
EC50 167.8
Std. Error
LOGEC50 1.824
HILLSLOPE 1.448
95% Confidence Intervals
LOGECS50 -1.749 t0 6.198
HILLSLOPE -4.010to 2.298
EC50 0.01783 to 1.579e+006
Goodness of Fit
Degrees of Freedom 12
R? (unweighted) 0.06122
Weighted Sum of Squares (1/Y?) 0.3488
Absolute Sum of Squares 3321
Sy.x 16.64
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6. Human whole blood IL-18 challenge.

All experiments utilizing human whole blood were conducted by Theresa
Lansdell. For further information regarding specific experimental details, please
see the following publication:

Kahlon, D. K.; Lansdell, T. A.; Fisk, J. S.; Tepe, J. J.; Structural-activity
relationship study of highly-functionalized imidazolines as potent inhibitors of
nuclear transcription factor-kappaB mediated IL-6 production. Bioorg. Med.
Chem. 2009, 17, 3093-3103.

7. General procedure (whole blood assay).

After obtaining the appropriate approval for de-identified human cell lines, human
whole blood was obtained through the Jasper Research Clinic, Kalamazoo, Ml,
from a single healthy, fasted human volunteer and was collected in glass citrated
tubes by venipuncture. Only samples with a white blood count falling within the
normal range (4800-10,800 white blood cells per liter) were used. To support the
viability of white blood cells, blood was diluted 1:10 in RPMI-1640 media
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 ug/mL
streptomycin. Aliquots of diluted blood (1 mL) were preincubated with vehicle
(0.1% DMSO, final concentration) or imidazoline (final concentrations were 10,
3,1, 0.3 and 0.1 uM) for 2 hours at 37° C, 5% CO.. IL-1B (Roche) was added to
a final concentration of 200 U/mL and the samples were further incubated for 18
hours at 37 °C, 5% CO.. At the end of the incubation period, the blood samples
were centrifuged at 3000 RPM for 5 minutes. The plasma was removed, shap
frozen and stored at -80 °C. IL-6 levels were determined by ELISA (R & D

Systems).

116



“G-|| duljozepiwi Jo endads YWN "0zl esnbi4

0O O O0Z 06 O OS 09 0L 08 06 Ot oglL 0Si

1 " 1 4 1 1 " 1 n J A 1 i 1 A 1 " 1

oLt 061 oz

1 | U TR SN W S E—— —— |

"

T

| I SR RS ST

-
-
9

-
-

S0 S0 St §'¢ St Sy §'S S'9 SL '8 G'6 S0l SLh §Cl

sl

N

ud Z\_f

Yd

Ud

117



"9-11 duljozepiwi Jo esoads YN °12-Il enBid

Ooti

L

1

o€t

oSt

L

i

(4

064

PN i

oLz

o

e

S0}

" 1

St

118



*0L-{| duijozepiwi Jo endoads YN ‘ZZ-Il 8anbi4

O- 0 O 02 06 O 05 00 O, 08 06 00, O 0Z O OvE 0SL 09h OL 081 08 002 0iZ 0%
1 " L " 1 A 1 i 1 A 1 A 1 _— — 1 " 1 " 1 i 1 A 1 A 1 \d\w— . L n 1 FA— A
S0 S0 Sl §¢c gt Sy §'S S'9 S'L S8 S'6 S0l S'h S¢cl
4 —— oi-a
B3%9, Md
~N
e
M\rf

Ud

119



"6l suljozepiwi jo enoads YN °€z-Il e4nbiy

0O O O ot O OS5 09 0L 08 06 oLl ot 0si 0L 06} oie
1 i 1 " 1 A 1 A 1 n 1 A 1 n 1 n 1 A 1 n 1 I 1 A 1 n 1 n 1 n 1 A 1 " 1 i 1 A 1 " 1 " 1 e 1
o
N
-
S0~ S0 Sl SC St Sy §°S S9 SL S8 56 S0l S °K4
| T I E— P n 1 It 1 A 1 A 1 n 1 i 1 al 1 PR SEr— | " 1 PR B R | n 1 n 1 " 1 " 1 1 P 1 A | E—— |




"02-1 suljozepiwi Jo eJjoads JAN “¥Z-Il 8anbi4

0 O, 0Z 06 OF 0S5 09 OL 08 06 oL} (11} oSt oLl 061} (1]k4
S0 S0 Sl X4 S'¢ Sy g'S g9 gL g8 G'6 S0l gLl Szl
Yy ~ Y —
0z-il
3%9, Md
~N
Noz _
N_\Pf
ud

121



"12-l suljozepiwi jo enoads YN "szZ-1l einbi4

J- 0 0L 0Z O Or 0OS 09 0L 08 086 oLl €L 0S4 0Ll 081 01z
S0 S0 S’ ST S'€ Sy S's S'9 §L S8 S'6 S0l S'hl szt
— ; - 3 j
bz
13°00_ Md
SN
’HN [
N‘\rﬁ_
ud

122



"ZZ-ll ujozepiwi jo enoads YN *9Z-1l 8inBi4

0O OL OZ O Or 0S5 09 0L 08 06 oL} o€t (] 0L} 06} (1]¥4
A e 1 A 1 1 - 1 A 1 1 i 1 A 1 i ) 1 " 1 e 1 " 1 A 1 M 1 i 1 i 1 A 1 i 1 " 1 1 " 1
S0 S0 St 24 K> Sy §'S 59 SL S8 '8 S0l S'LL
N i - 1 P I Y L n 1 1l 1 i 1 A 1 i 1 i 1 A 1 i 1 A 1 A 1 A 1 i 1 i 1 " 1 A 1 " 1 i 1 " 1 i 1 "
1 LD
i
300 Md
~N
WO _
N.\r;n_
ud

123



"€Z-l suljozepiw jo enoads YN *LZ-1| 8anBi4
J- 0 OL 0Z 0¢ Or 0S5 09 0L 08 06 oLl 0tl oSt 0Ll 06l oLz

L i Il n A A 1 " 1 s 1 U Sy 1 i 1 " 1 i 1 i 1 " i 1 " 1 | I — A .

" 1 i

e 1 A 1 "

<
N
™
50 S0 st §2 e Sv S’ 9 L S8 S'6 S0l S
L " 1 A 1 A 1 A 1 A 1 " 1 " 1 A 1 a1 2 1 " 1 i 1 i 1 i 1 n 1 A 1 A 1. 1 i 1 A 1 i 1 A 1 " 1 " 1 " 1 A 1
Jj\- M 5\ — vV
£z
8%09_ Md
N




"$Z-1l Buljozepiw jo ejdads YN "8Z-1i 8nBi4

- 0 0L 0Z 06 Oy OS5 09 OL 08 06 oLl o€t (11! 0Ll 061 (1]%4
S0 S0 Sl ST '€ Sy 'S 59 S S8 56 S0l S'Li szl
v q T — \
rZ-

B3%90, Md

~N

19 _
M\ﬁi

Ud

125



-gz-|| SuIj0Zepiwi Jo e1oads NN “6Z-11 enBy4

o O 0z O Oy 05 09 0L 08 06 obi o€t ost oLl 061 oLe
L ! y 4 i d ”;‘
S0 S0 Sl 6T g€ Sy 'S Y S'L '8 '8 g0l gLl ¥4}
1 L A 1 A 1 N 1 i 1 N 1 A 1 A 1 " 1 i L 1 i 1 " 1 2 1 " L A 1 A 1 A 1 A 1 A L n 1 " 1 A 1 A 1 Fu
A \ | _ ‘
sz
B9 Md
~N
€40 I
z\F,E

N

Ud

126



*92-11 auljozZepiwi Jo enoads HINN "0¢-Il enByy
09 0L 08 06 O00L O OCL OEL ObL OSL O9F OLL O08L O06F 002 OLC O02Z¢

O,- 0 O 02 o oOF OS

A '} .

S0 S0 Sl 'K St Sy S'S S9 S'L '8 S'6 S0l St X4

| N U WU U U ST U SN RS S ST N R S U S SR U ST U UUN W NN U N S [ GU R SR ST U N U SN SR S S|

oZ-1
B%9_ Md

e et

».E

Ud

127



*2Z-11 3ulozepiwi j0 exoads YN *LE-Ii 8By

J» 0 OFb 02 06 Oy OS5 09 0L 08 06 113 ocl 0si 0L} 061 1174
S0 S0 St S'¢ S'S 5’9 S'L S8 §'6 S0} S s¢l
) A —

St Sy

128



"$€-|1 suljozepiwl Jo enoads YN “ZE-Il 8anbi4

3% 0 O 0Z O Or 05 09 OL 08 08 O00L OL OZL OEH OFL OSL O09L OLL 08L 06L 002 OIZ 022
S0 S0 St ¥4 St Sy 'S S'9 SL S8 S8 S0l Sl x4}
ril.‘%

pe-il
B%09_ Md
~N
i
\P.E

N
:n_\%

(o)

129



"§€-I1 duljozepiw Jo endads YN °c€-1l 8anBiy

0O O 0Z 06 OF 0OS 09 OL 08 06 okl ocl (1718 oLt 06} (1]k4
00 0t 02 0¢ (187 0'S 09 0L 08 06 ool oLl 0zl
—
[~ Y % ‘ [

]

309, Md

~N

]
o z\f_n_

130



"9¢-]| uIj0Zepiw! Jo exdads YN “pe-1l 8inBld

1

0

3

1

4

0ocl

i IR WY

1

—

0s1

i T

A

A

0Lt

i

1

1

061

0ie

P | A 1

GG

SL

S8

66

S0l

ShL gei

9¢-l
13°09, Md

N

N™Syg
oy

o)

131



“L&-1 duljozepiw Jo endoads YN "S-l 8anByig4

132

J- 0 0L 0C ot O OS 09 OL 08 06 0Lt otl 0S| oLt 06} 0ie
L - 1 " 1 1 " 1 i 1 A 1 " 1 i L A 1 i 1 n 1 " 1 A 1 A 1 i 1 i 1 i 1 .- 1 A 1 A 1 i 1 - i
= r L T
S0~ G0 S §¢ St Sy S°S 59 S S8 G'6 S0l Sl
j S P ORI IO SrUN SN W T ST U SN R — | a1 PR ST St 1. | B | A 1 I 1 A 1 " 1 A | " 1 A 1 PEE W W
T <)— ~
80

B%9_ Mud

wl

Ud

Iz




K. References

(1

)

©)

(4)

(S)

(6)

@)

(8)

Ferm, R. J.; Riebsomer, J. L.; The Chemistry of the 2-Imidazolines and
Imidazolidines. Chem. Rev. 1954, 54, 593-613.

Acharya, A. N.; Ostresh, J. M.; Houghten, R. A.; A novel approach for
solid-phase synthesis of substituted imidazolines and bis-imidazolines. J.
Org. Chem. 2001, 66, 8673-8676.

Concellon, J. M.; Riego, E.; Suarez, J. R.; Garcia-Granda, S.; Diaz, M. R;;
Synthesis of enantiopure imidazolines through a ritter reaction of 2-(1-
aminoalkyl)aziridines with nitriles. Org. Lett. 2004, 6, 4499-4501.

Chem, J. W;; Liaw, Y. C.; Chen, C. S.; Rong, J. G; Huang, C. L.; Chan, C.
H.; Wang, A. H. J.; Studies on 1,2,4-Benzothiadiazine 1,1-Dioxides-Vii and
Quinazolinones-lv - Synthesis of Novel Built-in Hydroxyguanidine
Tricycles as Potential Anticancer Agents. Heterocycles. 1993, 36, 1091-
1103.

Vassilev, L. T.; Vu, B. T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic,
Z.; Kong, N.; Kammiott, U.; Lukacs, C.; Klein, C.; Fotouhi, N.; Liu, E. A.; In
vivo activation of the p53 pathway by small-molecule antagonists of
MDM2. Science. 2004, 303, 844-848.

(a) Bon, R. S.; Hong, C. G.; Bouma, M. J.; Schmitz, R. F.; de Kanter, F. J.
J.; Lutz, M.; Spek, A. L.; Orru, R. V. A.; Novel multicomponent reaction for
the combinatorial synthesis of 2-imidazolines. Org. Lett. 2003, 5, 3759-
3762; (b) Gentili, F.; Bousquet, P.; Brasili, L.; Dontenwill, M.; Feldman, J.;
Ghelfi, F.; Giannella, M.; Piergentili, A.; Quaglia, W.; Pigini, M;
Imidazoline binding sites (IBS) profile modulation: Key role of the bridge in
determining 1-1-IBS or [-2-IBS selectivity within a series of 2-
phenoxymethylimidazoline analogues. J. Med. Chem. 2003, 46, 2169-
2176. A

(@) Dai, L. X; Lin, Y. R.; Hou, X. L.; Zhou, Y. G.; Stereoselective reactions
with imines. Pure App. Chem. 1999, 71, 1033-1040; (b) Lucet, D.; Le
Gall, T.; Mioskowski, C.; The chemistry of vicinal diamines. Angew. Chem.
Int. Ed. 1998, 37, 2581-2627; (¢) Zhou, X. T.; Lin, Y. R.; Dai, L. X.; Sun,
J.; Xia, L. J.; Tang, M. H.; A catalytic enantioselective access to optically
active 2-imidazoline from N-sulfonylimines and isocyanoacetates. J. Org.
Chem. 1999, 64, 1331-1334.

(a) Betschart, C.; Hegedus, L. S.; Synthesis of Azapenams,
Diazepinones, and Dioxocyclams Via the Photolytic Reaction of Chromium
Alkoxycarbene Complexes with Imidazolines. J. Am. Chem. Soc. 1992,
114, 5010-5017; (b) Boland, N. A_; Casey, M.; Hynes, S. J.; Matthews, J.

133



9

(10)

(11)

(12)

(13)

(14)

W.; Smyth, M. P_; A novel general route for the preparation of enantiopure
imidazolines. J. Org. Chem. 2002, 67, 3919-3922; (c) Botteghi, C.;
Schionato, A.; Chelucci, G.; Brunner, H.; Kurzinger, A.; Obermann, U;
Asymmetric Catalysis .46. Enantioselective Hydrosilylation of Ketones with
[Rh(Cod)CI]2 and Optically-Active Nitrogen Ligands. J. Organomet. Chem.
1989, 370, 17-31.

Kahlon, D. K.; Lansdell, T. A.; Fisk, J. S.; Hupp, C. D.; Friebe, T. L,;
Hovde, S.; Jones, A. D.; Dyer, R. D.; Henry, R. W.; Tepe, J. J.; NF-
kappaB mediated inhibition of cytokine production by imidazoline
scaffolds. J. Med. Chem. 2009, 52, 1302-1309.

(a) Fujioka, H.; Murai, K.; Kubo, O.; Ohba, Y.; Kita, Y.; One-pot synthesis
of imidazolines from aldehydes: detailed study about solvents and
substrates. Tetrahedron. 2007, 63, 638-643; (b) Fujioka, H.; Murai, K;
Ohba, Y.; Hiramatsu, A.; Kita, Y.; A mild and efficient one-pot synthesis of
2-dihydroimidazoles from aldehydes. Tetrahedron Lett. 2005, 46, 2197-
2199; (c) Ishihara, M.; Togo, H.; An efficient preparation of 2-imidazolines
and imidazoles from aldehydes with molecular iodine and
(diacetoxyiodo)benzene. Synlett. 2006, 227-230; (d) Ishihara, M.; Togo,
H.; Facile preparation of 2-imidazolines from aldehydes with tert-butyl
hypochlorite. Synthesis. 2007, 1939-1942; (e) Ishihara, M.; Togo, H.;
Direct oxidative conversion of aldehydes and alcohols to 2-imidazolines
and 2-oxazolines using molecular iodine. Tetrahedron. 2007, 63, 1474-
1480.

Dghaym, R. D.; Dhawan, R.; Amdtsen, B. A.; The use of carbon monoxide
and imines as peptide derivative synthons: A facile palladium-catalyzed
synthesis of alpha-amino acid derived imidazolines. Angew. Chem. Int.
Ed. 2001, 40, 3228.

Peddibhotla, S.; Jayakumar, S.; Tepe, J. J.; Highly diastereoselective
multicomponent synthesis of unsymmetrical imidazolines. Org. Lett. 2002,
4, 3533-3535.

Peddibhotla, S.; Tepe, J. J.; Multicomponent synthesis of highly
substituted imidazolines via a silicon mediated 1,3-dipolar cycloaddition.
Synthesis. 2003, 1433-1440.

(a) Mukerjee, A. K.; Azlactones - Retrospect and Prospect. Heterocycles.
1987, 26, 1077-1097; (b) Padwa, A.; Pearson, W. H., Synthetic
Applications of 1,3-Dipolar Cycloaddition Chemistry Toward Heterocycles
and Natural Products, 1rst edn, 2002, John Wiley and Sons, Hoboken, NJ
p 682-747.

134



(15)

(16)

(17)

(18)

(19)

(20)

1)

(22)

(23)

(24)

(25)

Huisgen, R.; Gotthard.H; Bayer, H. O.; Schaefer, F. C.; 1,3-Dipolar
Cycloadditions .56. A Convenient Synthesis of N-Substituted Pyrroles
from Mesoionic Oxazolones and Alkynes. Chem. Ber. 1970, 103, 2611.

Gotthardt, H., Huisgen, R.; Schaefer, F. C.; Delta-2-Pyrroline Aus
Mesoionischen Oxazolen Und Olefinen. Tetrahedron Lett. 1964, 487-491.

(@) Cossio, F. P.; Ugalde, J. M.; Lopez, X.; Lecea, B.; Palomo, C.; A
Semiempirical Theoretical-Study on the Formation of Beta-Lactams from
Ketenes and Imines. J. Am. Chem. Soc. 1993, 115, 995-1004; (b) Funke,
E.; Huisgen, R.; Ketenoid Reactivity of a Mesoionic Oxazol-5-One. Chem.
Ber. 1971, 104, 3222; (c) Huisgen, R.; Funke, E.; Schaefer, F. C.; Knorr,
R.; Possible Valence Tautomerism of a Mesoionic Oxazol-5-One with an
Acylaminoketene. Angew. Chem. Int. Ed. 1967, 6, 367.

Fu, N. Y.; Allen, A. D.; Kobayashi, S.; Tidwell, T. T.; Vukovic, S;
Arumugam, S.; Popik, V. V.; Mishima, M.; Amino substituted bisketenes:
Generation, structure, and reactivity. J. Org. Chem. 2007, 72, 1951-1956.

Consonni, R.; Croce, P. D.; Ferraccioli, R.; Larosa, C.; A New Approach to
Imidazole Derivatives. J. Chem. Res. Synop. 1991, 188-189.

Peddibhotla, S.; Tepe, J. J.; Stereoselective synthesis of highly substituted
Delta(1)-pyrrolines: exo-selective 1,3-dipolar cycloaddition reactions with
azlactones. J. Am. Chem. Soc. 2004, 126, 12776-12777.

Shama, V.; Tepe, J. J.; Diastereochemical diversity of imidazoline
scaffolds via substrate controlled TMSCI mediated cycloaddition of
azlactones. Org. Lett. 2005, 7, 5091-5094.

Perkins, N. D.; The Rel/NF-kappa B family: friend and foe. Trends
Biochem. Sci. 2000, 25, 434-40.

Baldwin, A. S., Jr.; The NF-kappa B and | kappa B proteins: new
discoveries and insights. Annu. Rev. Immunol. 1996, 14, 649-83.

(a) Karin, M.; Yamamoto, Y.; Wang, Q. M.; The IKK NF-kappa B system:
a treasure trove for drug development. Nat. Rev. Drug Discov. 2004, 3,
17-26; (b) Pande, V.; Ramos, M. J.; NF-kappaB in human disease:
current inhibitors and prospects for de novo structure based design of
inhibitors. Curr. Med. Chem. 2005, 12, 357-74.

(@) Kim, H. J.; Hawke, N.; Baldwin, A. S.; NF-kappa B and IKK as
therapeutic targets in cancer. Cell Death and Differentiation 2006, 13, 738-
747; (b) Wahl, C.; Liptay, S.; Adler, G.; Schmid, R. M.; Sulfasalazine: a
potent and specific inhibitor of nuclear factor kappa B. J. Clin. Invest.

135



(26)

(27)

(28)

(29)

(30)

31

(32)

(33)

(34)

1998, 101, 1163-1174; (c) Yamamoto, Y.; Gaynor, R. B.; Therapeutic
potential of inhibition of the NF-kappa B pathway in the treatment of
inflammation and cancer. J. Clin. Invest. 2001, 107, 135-142.

Makarov, S. S.; NF-kappa B in rheumatoid arthritis: a pivotal regulator of
inflammation, hyperplasia, and tissue destruction. Arthritis Res. 2001, 3,
200-206.

Borissenko, L.; Groll, M.; 20S proteasome and its inhibitors:
Crystallographic knowledge for drug development. Chem. Rev. 2007, 107,
687-717.

(a) Adams, J.; Elliott, P. J.; New agents in cancer clinical trials. Oncogene
2000, 19, 6687-6692; Feinman, R.; Gangurde, P.; Miller, S.; Barton, B.;
Harrison, L. E.; Adams, J.; Elliott, P. J.; Siegel, D. S.; Proteasome inhibitor
PS341 inhibits constitutive NF-kappa B activation and bypasses the anti-
apototic bcl-2 signal in human mutiple myeloma cells. Blood. 2001, 98,
640A.

Stinchcombe, T. E.; Mitchell, B. S.; Depcik-Smith, N.; Adams, J.; Elliott, P.;
Shea, T. C.; Orlowski, R. Z.; PS-341 is active in multiple myeloma:
Preliminary report of a phase | trial of the proteasome inhibitor PS-341 in
patients with hematologic malignancies. Blood. 2000, 96, 516A.

Kane, R. C.; Farrell, A. T.; Sridhara, R.; Pazdur, R.; United States Food
and Drug Administration approval summary: Bortezomib for the treatment
of progressive multiple myeloma after one prior therapy. Clin. Cancer Res.
2006, 12, 2955-2960.

Shirley, R. B.; Kaddour-Djebbar, |.; Patel, D. M.; Lakshmikanthan, V.;
Lewis, R. W.; Kumar, M. V.; Combination of proteasomal inhibitors
lactacystin and MG132 induced synergistic apoptosis in prostate cancer
cells. Neoplasia. 2005, 7, 1104-1111.

Schow, S. R.; Joly, A.; N-acetyl-leucinyl-leucinyl-norleucinal inhibits
lipopolysaccharide-induced NF-kappa B activation and prevents TNF and
IL-6 synthesis in vivo. Cell. Immunol. 1997, 175, 199-202.

Maryanoff, C. A.; Karash, C. B.; Turchi, |. J.; Corey, E. R.; Maryanoff, B.
E.; Characterization of a Stable Carboxylic-Acid Intermediate from 1,3-
Dipolar Cyclo-Addition of a Munchnone with 1,2-Dicyanocyclobutene. J.
Org. Chem. 1989, 54, 3790-3792.

Feling, R. H.; Buchanan, G. O.; Mincer, T. J.; Kauffman, C. A.; Jensen, P.
R.; Fenical, W.; Salinosporamide A: A highly cytotoxic proteasome

136



(39)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

inhibitor from a novel microbial source, a marine bacterium of the new
genus Salinospora. Angew. Chem. Int. Ed. 2003, 42, 355.

Roshak, A.; Jackson, J. R.; ChabotFletcher, M.; Marshall, L. A.; Inhibition
of NF kappa B-mediated interleukin-1 beta-stimulated prostaglandin E-2
formation by the marine natural product hymenialdisine. J. Pharm. Exp.
Ther. 1997, 283, 955-961.

Shamma, V.; Lansdell, T. A.; Peddibhotla, S.; Tepe, J. J.; Sensitization of
tumor celis toward chemotherapy: Enhancing the efficacy of camptothecin
with imidazolines. Chem. Biol. 2004, 11, 1689-1699.

Dhawan, R.; Amdtsen, B. A.; Palladium-catalyzed multicomponent
coupling of alkynes, imines, and acid chlorides: A direct and modular
approach to pyrrole synthesis. J. Am. Chem. Soc. 2004, 126, 468-469.

Swinney, D. C.; Xu, Y. Z,; Scarafia, L. E.; Lee, |.; Mak, A. Y.; Gan, Q. F;
Ramesha, C. S.; Mulkins, M. A_; Dunn, J.; So, O. Y.; Biegel, T.; Dinh, M,;
Volkel, P.; Bamett, J.; Dalrymple, S. A.; Lee, S.; Huber, M.; A small
molecule ubiquitination inhibitor blocks NF-kappa B-dependent cytokine
expression in cells and rats. J. Biol. Chem. 2002, 277, 23573-23581.

Shama, V.; Peddibhotla, S.; Tepe, J. J.; Sensitization of cancer cells to
DNA damaging agents by imidazolines. J. Am. Chem. Soc. 2006, 128,
9137-9143.

Piva, R.; Belardo, G.; Santoro, M. G.; NF-kappaB: A Stress-Regulated
Switch for Cell Survival. Antioxid. Redox. Signal. 2006, 8, 478-86.

D'Acquisto, F.; May, M. J.; Ghosh, S.; Inhibition of Nuclear Factor Kappa B
(NF-B):: An Emerging Theme in Anti-Inflammatory Therapies. Mol. Interv.
2002, 2, 22-35.

Baeuerle, P. A.; Henkel, T.; Function and activation of NF-kappa B in the
immune system. Annu. Rev. Immunol. 1994, 12, 141-79.

Wang, C. Y.; Mayo, M. W.; Baldwin, A. S., Jr.; TNF- and cancer therapy-
induced apoptosis: potentiation by inhibition of NF-kappaB. Science. 1996,
274, 784-7.

(@) Mayo, M. W.; Baldwin, A. S.; The transcription factor NF-kappaB:
control of oncogenesis and cancer therapy resistance. Biochim. Biophys.
Acta. 2000, 1470, M55-62; (b) Greten, F. R.; Karin, M.; The IKK/NF-
kappaB activation pathway-a target for prevention and treatment of
cancer. Cancer Lett. 2004, 206, 193-9; (c) Wang, C. Y.; Cusack, J. C., Jr,;
Liu, R.; Baldwin, A. S., Jr.; Control of inducible chemoresistance:

137



(45)

(46)

(47)

(48)

(49)

(50)

(1)

enhanced anti-tumor therapy through increased apoptosis by inhibition of
NF-kappaB. Nat. Med. 1999, 5, 412-7; (d) Luo, J. L.; Kamata, H.; Karin,
M.; IKK/NF-kappaB signaling: balancing life and death—a new approach to
cancer therapy. J. Clin. Invest. 2005, 115, 2625-32; (e) de Martin, R;
Schmid, J. A.; Hofer-Warbinek, R.; The NF-kappaB/Rel family of
transcription factors in oncogenic transformation and apoptosis. Mutat.
Res. 1999, 437, 231-243.

Perkins, N. D.; Achieving transcriptional specificity with NF-kappa B. Int. J.
Biochem. Cell Biol. 1997, 29, 1433-48.

(@) Baud, V.; Liu, Z. G.; Bennett, B.; Suzuki, N.; Xia, Y.; Karin, M;
Signaling by proinflammatory cytokines: oligomerization of TRAF2 and
TRAFB6 is sufficient for JNK and IKK activation and target gene induction
via an amino-terminal effector domain. Genes Dev. 1999, 13, 1297-308;
(b) Luo, J. L.; Kamata, H.; Karin, M.; The anti-death machinery in IKK/NF-
kappaB signaling. J. Clin. Immunol. 2005, 25, 541-50; (c) Bames, P. J ;
Karin, M.; Nuclear factor-kappaB: a pivotal transcription factor in chronic
inflammatory diseases. N. Engl. J. Med. 1997, 336, 1066-71.

Chen, F. M. F.; Kuroda, K.; Benoiton, N. L.; Simple Preparation of 5-Oxo-
4,5-Dihydro-1,3-Oxazoles (Oxazolones). Synthesis. 1979, 230-232.

Senftieben, U.; Karin, M.; The IKK/NF-kappaB pathway. Cnt. Care Med.
2002, 30, S18-S26.

Okazaki, Y.; Sawada, T.; Nagatani, K.; Komagata, Y.; Inoue, T.; Muto, S;
itai, A.; Yamamoto, K.; Effect of nuclear factor-kappaB inhibition on
rheumatoid fibroblast-like synoviocytes and collagen induced arthritis. J.
Rheumatol. 2005, 32, 1440-1447.

(a) Ardizzone, S.; Bianchi Porro, G.; Biologic therapy for inflammatory
bowel disease. Drugs. 2005, 65, 2253-86; (b) Boone, D. L.; Lee, E. G
Libby, S.; Gibson, P. J.; Chien, M.; Chan, F.; Madonia, M.; Burkett, P. R;;
Ma, A.; Recent advances in understanding NF-kappaB regulation.
Inflamm. Bowel Dis. 2002, 8 201-212; (c) Schreiber, S.; Nikolaus, S.;
Hampe, J.; Activation of nuclear factor kappa B inflammatory bowel
disease. Gut. 1998, 42, 477-484.

(@ Shama, V.; Hupp, C. D.; Tepe, J. J., Enhancement of
chemotherapeutic efficacy by small molecule inhibition of NF-kappaB and
checkpoint kinases. Curr. Med. Chem. 2007, 14, 1061-1074; (b) Haefner,
B.; Targeting NF-kappaB in anticancer adjunctive chemotherapy. Cancer
Treat. Res. 2006, 130, 219-245.

138



(52)

(63)

(54)

(59)

(56)

(57)

Balkwill, F.; Foxwell, B.; Brennan, F.; TNF is here to stayl /mmunol.
Today. 2000, 21, 470-1.

(@) Moreland, L. W.; Inhibitors of tumor necrosis factor for rheumatoid
arthritis. J. Rheumatol. 1999, 26 Suppl 57, 7-15; (b) Miagkov, A. V.;
Kovalenko, D. V.; Brown, C. E.; Didsbury, J. R.; Cogswell, J. P.; Stimpson,
S. A.; Baldwin, A. S.; Makarov, S. S.; NF-kappaB activation provides the
potential link between inflammation and hyperplasia in the arthritic joint.
Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 13859-64; (c) Jimi, E.; Aoki, K;
Saito, H.; D'Acquisto, F.; May, M. J.; Nakamura, |.; Sudo, T.; Kojima, T.;
Okamoto, F.; Fukushima, H.; Okabe, K.; Ohya, K.; Ghosh, S.; Selective
inhibition of NF-kappa B blocks osteoclastogenesis and prevents
inflammatory bone destruction in vivo. Nat. Med. 2004, 10, 617-624; (d)
Miossec, P.; Cytokines in rheumatoid arthritis: is it all TNF-alpha? Cell
Mol. Biol. 2001, 47, 675-8.

(a) Aupperle, K.; Bennett, B.; Han, Z.; Boyle, D.; Manning, A.; Firestein,
G.; NF-kappa B regulation by | kappa B kinase-2 in rheumatoid arthritis
synoviocytes. J. Immunol. 2001, 166, 2705-11; (b) Han, Z.; Boyle, D. L;
Manning, A. M.; Firestein, G. S.; AP-1 and NF-kappaB regulation in
rheumatoid arthritis and murine collagen-induced arthritis. Autoimmunity.
1998, 28, 197-208.

Hoffmann, A.; Baltimore, D.; Circuitry of nuclear factor kappa B signaling.
Immunol. Rev. 2006, 210, 171-186.

Webster, G. A.; Perkins, N. D.; Transcriptional cross talk between NF-
kappa B and p53. Mol. Cell. Biol. 1999, 19, 3485-3495.

(a) Baldwin, A. S.; Control of oncogenesis and cancer therapy resistance
by the transcription factor NF-kappa B. J. Clin. Invest. 2001, 107, 241-246;
(b) Hideshima, T.; Chauhan, D.; Richardson, P.; Mitsiades, C.; Mitsiades,
N.; Hayashi, T.; Munshi, N.; Dang, L.; Castro, A.; Palombella, V.; Adams,
J.; Anderson, K. C.; NF-kappa B as a therapeutic target in multiple
myeloma. J. Biol. Chem. 2002, 277, 16639-16647; (c) Das, K. C.; White,
C. W.; Activation of NF-kappa B by antineoplastic agents - Role of protein
kinase C. J. Biol. Chem. 1997, 272, 14914-14920; (d) Bottero, V.
Busuttil, V.; Loubat, A.; Magne, N.; Fischel, J. L.; Milano, G.; Peyron, J. F.;
Activation of nuclear factor kappa B through the IKK complex by the
topoisomerase poisons SN38 and doxorubicin: A brake to apoptosis in
HelLa human carcinoma cells. Cancer Res. 2001, 61, 7785-7791; (e)
Peddibhotla, S.; Jayakumar, S.; Tepe, J. J.; Highly diastereoselective
multicomponent synthesis of unsymmetrical imidazolines. Org. Lett. 2002,
4, 3533-3535; (f) Liu, S. X.; Yu, Y. Z,; Zhang, M. H.; Wang, W. Y.; Cao, X.
T.; The involvement of TNF-alpha-related apoptosis-inducing ligand in the
enhanced cytotoxicity of IFN-beta-stimulated human dendritic cells to

139



(58)

(59)

(60)

(61)

(62)

tumor cells. J. Immunol. 2001, 166, 5407-5415; (g) Kim, J. Y.; Lee, S,;
Hwangbo, B.; Lee, C. T.; Kim, Y. M,; Han, S. K;; Shim, Y. S;; Yoo, C. G,
NF-kappa B activation is related to the resistance of lung cancer cells to
TNF-alpha-induced apoptosis. Biochem. Biophys. Res. Comm. 2000, 273,
140-146; (h) Weldon, C. B.; Burow, M. E.; Rolfe, K. W.; Clayton, J. L,;
Jaffe, B. M.; Beckman, B. S.; NF-kappa B-mediated chemoresistance in
breast cancer cells. Surgery. 2001, 130, 143-150; (i) Arit, A.; Vomdamm,
J.; Breitenbroich, M.; Folsch, U. R.; Kalthoff, H.; Schmidt, W. E.; Schafer,
H.; Inhibition of NF-kappa B sensitizes human pancreatic carcinoma cells
to apoptosis induced by etoposide (VP16) or doxorubicin. Oncogene.
2001, 20, 859-868.

(@) Pickart, C. M.; Eddins, M. J.; Ubiquitin: structures, functions,
mechanisms. Biochim. Biophys. Acta. 2004, 1695, 55-72; (b) Karin, M.;
Ben-Neriah, Y.; Phosphorylation meets ubiqutination: The Control of NF-
kB activity. Ann. Rev. Immunol. 2000, 18, 621-663.

Lin, Y. C.; Brown, K.; Siebenlist, U.; Activation of Nf-Kappa-B Requires
Proteolysis of the Inhibitor [-Kappa-Alpha - Signal-induced
Phosphorylation of I-Kappa-B-Alpha Alone Does Not Release Active Nf-
Kappa-B. Proc. Natl. Acad. Sci. U. S. A. 1995, 92, 552-556.

(a) Bames, P. J.; Karin, M.; Nuclear factor-kB - a pivotal transcription
factor in chronic inflammatory diseases. N. Engl. J. Med. 1997, 336, 1066-
1071; (b) Baeuerle, P. A.; Baichwal, V. R.; NF-kappa B as a frequent
target for immunosuppressive and anti-inflammatory molecules. Adv. in
Immunol, 1997, 65, 111-137; (¢) Siebenlist, U.; Franzoso, G.; Brown, K;
Structure, regulation and function of NF-kB. Ann. Rev. Cell Biol. 1994, 10,
405-455.

Lee, J. |.; Burckart, G. J.; Nuclear factor kappa B: important transcription
factor and therapeutic target. J. Clin. Pharmacol. 1998, 38, 981-93.

(a) Dhawan, R.; Dghaym, R. D.; Amdtsen, B. A.; The development of a
catalytic synthesis of Munchnones: A simple four-component coupling
approach to alpha-amino acid derivatives. J. Am. Chem. Soc. 2003, 125,
1474-1475; (b) Erba, E.; Gelmi, M. L.; Pocar, D.; Trimarco, P.; Nu-
Triazolines .26. 1,2,5-Trisubstituted 3-Pyrrolecarbaldehydes from N-
Substituted Oxazolium-5-Olates and 5-Amino-4,5-Dihydro-4-Methylene-
Nu-Triazoles. Chem. Ber. 1986, 119, 1083-1089; (c) Huisgen, R.; Funke,
E.; 1,3-Cyloadditions of Mesoionic Oxazolones to Carbonyl Compounds.
Angew. Chem. Int. Ed. 1967, 6, 365; (d) Siamaki, A. R.; Arndtsen, B. A_; A
direct, one step synthesis of imidazoles from imines and acid chlorides: A
palladium catalyzed multicomponent coupling approach. J. Am. Chem.
Soc. 2006, 128, 6050-6051; (e) St Cyr, D. J.; Martin, N.; Arndtsen, B. A ;

140



(63)

(64)

(65)

(66)

(67)

(68)

Direct synthesis of pyrroles from imines, alkynes, and acid chlorides: An
isocyanide-mediated reaction. Org. Lett. 2007, 9, 449-452.

Huisgen, R.; Gotthard.H; Bayer, H. O.; 1,3-Dipolar Cycloadditions .55.
Delta1-Pyrrolines and 7-Azabicyclo 2,2,1!Heptane Derivatives from
Azlactones and Activated Alkenes. Chem. Ber. 1970, 103, 2368.

(a) Campos, M. E.; Jimenez, R.; Martinez, F.; Salgado, H.; 1H-Imidazole
Preparation Via Permanganate Dehydrogenation of 2-Imidazolines.
Heterocycles. 1995, 40, 841-849; (b) Hughey, J. L.; Knapp, S.; Schugar,
H.; Dehydrogenation of 2-Imidazolines to Imidazoles with Barium
Manganate. Synthesis. 1980, 489-490; (c) Mohammadpoor-Baltork, |.;
Zolfigol, M. A.; Abdollahi-Alibeik, M.; Novel, mild and chemoselective
dehydrogenation of 2-imidazolines with trichloroisocyanuric acid. Synlett.
2004, 2803-2805; (d) Mohammadpoor-Baltork, I.; Zolfigol, M. A,;
Abdoliahi-Alibeik, M.; Novel and chemoselective dehydrogenation of 2-
substituted imidazolines with potassium permanganate supported on silica
gel. Tetrahedron Lett. 2004, 45, 8687-8690; (e) Parik, P.; Senauerova, S.;
Liskova, V.; Handlir, K.; Ludwig, M.; Study of synthesis of 2-(2-
alkoxyphenyl)-1H-imidazoles. Comparison of oxidative aromatization
reactions of imidazolines. J Heterocycl. Chem. 2006, 43, 835-841.

Braddock, D. C.; Redmond, J. M.; Hermitage, S. A.; White, A. J. P.; A
convenient preparation of enantiomerically pure (+)-(1R,2R)-and (-)-
(1S,2S)-1,2-diamino-1,2-diphenylethanes. Adv. Synthesis Cat. 2006, 348,
911-916.

(a) Matsuura, T.; Ito, Y.; Photochemical Cis-Trans Isomerization of 2,4,5-
Triphenylimidazolines. Bull. Chem. Soc. Jap. 1975, 48, 3669-3674; (b)
Mistryukov, E. A.; One-pot synthesis of rac-1,2-diphenylethylene-1,2-
diamine. Russ. Chem. Bull. 2002, 51, 2308-2309.

Kahlon, D. K.; Lansdell, T. A.; Fisk, J. S.; Tepe, J. J.; Structural-activity
relationship study of highly-functionalized imidazolines as potent inhibitors
of nuclear transcription factor-kappaB mediated IL-6 production. Bioorg.
Med. Chem. 2009, 17, 3093-3103.

(@) Shama, V.; Lansdell, T. A.; Peddibhotla, S.; Tepe, J. J.; Sensitization
of Tumor Cells toward Chemotheraphy: Enhancing the Efficacy of
Camptothecin with Imidazolines. Chem. Biol. 2004, 11, 1689-1699; (b)
Shamma, V.; Peddibhotla, S.; Tepe, J. J.; Sensitization of Cancer Cells to
DNA Damaging Agents by Imidazolines. J. Am. Chem. Soc. 2006, 128,
9137-9143.

141



CHAPTER Il

INTERMOLECULAR REACTIONS OF OXAZOL-5(4H)-ONES WITH ALKENES:
FROM CYCLOADDITION TO ALKYLATION REACTIONS

A. Synthesis of A'-pyrrolines via miinchnone/alkene cycloadditions

Highly substituted A'-pyrroline scaffolds can be found in the structure of
numerous biologically interesting natural products including myosmine,
amathaspiramide E, broussonetine U1, veracintine, and many more (Figure lli-
1).! Molecules containing A'-pyrroline scaffolds have been shown to exhibit a
wide range of biological activity including anti-viral, anti-tumor and
immunoactivity.? In addition to exhibiting a wide range of biological activity, A'-
pyrrolines have also exhibited value in terms of being both biosynthetic® and
synthetic intermediates.* Their structures contain up to three contiguous
stereogenic centers and one prochiral center masked as a cyclic imine. Due to
their wide range of biological activity and their synthetic usefulness, novel
methods for constructing highly substituted A'-pyrrolines are still of great interest

to the scientific community.
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Figure lll-1. Naturally occurring A'-pyrrolines.

Oxazol-5(4H)-ones have been shown to be useful materials for generating
a variety of nitrogen containing heterocycles by way of 1,3-dipolar cycloadditions
of their minchnone tautomers.>” Until recently though, cycloaddition reactions of
manchnones had not been thought of as a general method for synthesizing A'-
pyrrolines. Early investigations by Gotthardt, Huisgen, and Schaefer illustrated
that thermal cycloadditions of N-alkylated minchnones with alkenes result in
the formation of a variety of products including pyrrolines and pyrroles
(Scheme 111-1).89 Ailthough current mechanistic evidence suggests that these
reactions proceed through the initial formation of A'-pyrroline cycloadducts,
generally only AZ-pyrrolines along with pyrroles were isolated in early studies.
The formation of the A2-pyrroline products are thought to come about from the
decarboxylation of the primary cycloadduct followed by double bond

isomerization (Scheme I1I-1).%'°
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Scheme llI-1. Formation of AZ-pyrrolines from N-alkylated miinchnones.

Relatively few examples exist in the literature where primary cycloadducts
from the cycloadditions of minchnones with alkenes were isolated.'®'* In 1989,
Maryanoff and co-workers reported the isolation and characterization of a stable
A'-pyrroline-5-carboxylic acid resulting from the cycloaddition of a miinchnone
with 1,2-dicyanocyclobutene (Scheme I1I-2).'! In contrast to previous studies
of acyclic azomethine ylides cycloadditions, only the exo-cycloadduct was
observed in the reaction.'> The decarboxylation of the primary cycloadduct is
presumably hindered by the structural constraints of the fuse-bicyclic product.
In follow up studies, the authors reported the decarboxylation of the primary

cycloadduct under elevated temperatures (reflux in decalin).
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Scheme llI-2. Isolation of a primary cycloadduct from an intermolecular
cycloaddition of a miinchnone.

Recently, milder methods for generating miinchnones using Lewis acids
have been reported allowing for the isolation of the A'-pyrroline primary
cycloaddition adducts from a wider range of substrates.'>'* In 2004, we reported
the use of AgOAc to promote the diastereoselective synthesis of A'-pyrrolines
starting from oxazol-5(4H)-ones and electron deficient alkenes (Scheme IiI-3).'4
The reactions proceeded with moderate to good yields of product formation with
high diastereoselectivity. As seen in Maryanoff's studies (Scheme lil-2), these

reactions produced primarily exo-cycloadducts.'®"!
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Scheme llI-3. Lewis acid mediated cycloaddition of oxazol-5(4H)-ones with
electron deficient alkenes.

B. Proposed cycloaddition of miinchnones with enol ethers
To further extend the classes of heterocyclic scaffolds accessible by way of

cycloadditions of miinchnones with alkenes, we proposed to develop a mild

145



method to promote a cycloaddition reaction between oxazol-5(4H)-ones and enol
ethers (Scheme IlI-4). As seen in our previous studies, we envisioned utilizing
Lewis acids to generate miinchnones while in the presence of the electron rich
enol ethers.”'#'* The development of such methodology would greatly benefit
our diversity oriented synthesis program aimed at discovering new heterocyclic
molecules for the treatment of disease by allowing access to novel A'-pyrroline
scaffolds.>'®  Furthermore, we envisioned using the pyroline products as
templates to access other highly substituted heterocyclic molecules. For
example, proper substitution of the substituent at the 2-position (R;) of the A'-
pyrroline scaffold would allow for hydrolysis of the molecule to generate novel

pyrrolidines (Scheme Il1-4)."”
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Scheme lli-4. Proposed cycloaddition of oxazol-5(4H)-ones with enol ethers.

The development of such methodology would allow ready accessibility to
a range of biologically interesting molecules, including the natural product
Lactacystin (Scheme III-5). Lactacystin is a pyrrolidinone-based secondary
metabolite first isolated by Omura and co-workers in 1991 from the culture broth
of Streptomyces sp. OM-6519.'%'® Lactacystin exhibits remarkably selective and
potent irreversible inhibition of the mammalian 20S proteasome.? It inhibits the
20S proteasome by covalently acylating the enzyme’s N-terminal threonine

residue via its corresponding B-lactone analogue, Omuralide.®  Multiple
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syntheses along with several structure-activity relationship studies of Lactacystin
have been reported.?! Even though many elegant syntheses of Lactacystin have
been reported, new routes to the molecule may provide additional insight into its

biological mechanism and access to more active analogues.

R o NHAC
=
H
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Scheme llII-5. Retrosynthetic analysis of a proposed synthesis of Lactacystin
using oxazol-5(4H)-ones.

To the best of our knowledge, to date there are no reports of
cycloadditions occurring between minchnones derived from oxazol-5(4H)-ones
and electron rich alkenes (e.g. enol ethers). This may be in part due to the
energy gap between the frontier molecular orbitals (FMOs) of the dipole and
alkene involved.Z2 The transition states of concerted 1,3-dipolar cycloaddition
reactions are governed by FMO interactions. The highest occupied molecular
orbital (HOMO) of the dipole may interact with the lowest unoccupied molecular
orbital (LUMO) of the alkene.? Conversely, the HOMO of the alkene may also
interact with the LUMO of the dipole.? Sustmann and co-workers classified 1,3-
dipolar cycloaddition reactions into three different categories (Types | to I,
Figure 111-2).2 In Type | 1,3-dipolar cycloadditions, the dominant FMO interaction
occurs between the HOMO of the dipole and the LUMO of the alkene, whereas
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Type Il 1,3dipolar cycloadditions proceed via a dominant interaction of the
alkene HOMO and the LUMO of the dipole. In Type Il 1,3-dipolar cycloaddition
reactions, the relative energies of the FMOs of the dipole and alkene are

energetically similar allowing for either HOMO/LUMO interactions to occur.

A
- & N
Dipole 4| 1| 1 Alkene
Alkene § Dipole Alkene E Dipole
Typel Type ll Type lll

Figure lll-2. Sustmann’s classification of 1,3-dipolar cycloaddition reactions.

Traditionally azomethine ylides, such as minchnones, are considered to
be electron rich 1,3-dipoles.’”> They are classified as having relatively high
energy FMOs causing them to typically participate in Type | cycloadditions where
the dominant FMO interaction occurs between the HOMO of the azomethine
ylide and the LUMO of the dipolarphile (Figure 111-2).'® Azomethine ylides are
known to readily undergo cycloadditions with electron deficient alkenes,
presumably due to a narow HOMO/LUMO energy gap.'® Since the FMOs
associated with electron rich alkenes (e.g. enol ethers) tend to be higher in

energy than their electron deficient counterparts, their ability to participate in
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Type | 1,3-dipolar cycloaddition reactions with azomethine ylides may be dismal
due to a large energy difference between the FMOs involved.

Recent reports in the literature illustrate precedence that 1,3-dipolar
cycloaddition reactions between miinchnones and enol ethers may be feasible
though. In 2004, Johnson and co-workers reported a Lewis acid promoted
carbon to carbon bond cleavage of aziridines to form azomethine ylides, which
subsequently underwent [3 + 2] cycloaddition reactions with enol ethers to form
highly substituted pyrrolidines (Scheme I11-6).* These 1,3-dipolar cycloaddition
reactions occurred with moderate to good yields but relatively poor
diastereoselectivity. They proposed their Lewis acid coordinated azomethine
ylide intermediates to be extremely electron poor thus allowing it, according to

the Sustmann classification of 1,3-dipolar cycloadditions, to undergo a Type il

cycloaddition.?
Ph CO,Et QMe Ph
N'Ph zncl, PR N ‘ A Me  Pha N\ COF
- CO,Et - ~ ~o \(_l(coza
oluene X..Zn—Cl s OMe
COE rt Et0,C” 0}, Me
69% yield
dr.=14:1

Scheme llI-6. Johnson's 1,3-dipolar cycloaddition between azomethine ylides
and enol ethers.

In addition, Austin and co-workers published a diastereoselective
cycloaddition between vinyl ethers and isomiinchnones (Scheme Iil-7). The
reactions occur in very high yields (82% to >98%) and with near complete
diastereoselectivity.2>?® For every dipole evaluated in the study, the endo

orientation of the alkoxy group of the enol ether was maintained. Furthermore,
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the authors have also reported the use of chiral auxiliaries for conducting these
reactions enantioselective with d.e.’s up to 95%.% Isominchnones also readily
undergo 1,3-dipolar cycloadditions with electron deficient alkenes illustrating that
these dipoles probably proceed through a Type |l cycloaddition according to the

Sustmann classification of 1,3-dipolar cycloadditions.?

o L® je\/o °Re
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Yields = 82-98%
Only endo adducts observed

Scheme llI-7. Austin’s endo-selectlive 1,3-dipolar cycloaddition of
isominchnones and enol ethers.

C. Attempted cycloadditions using 2-phenyl-4-methyl-5(4H)-oxazolone and
enol ethers
We initiated our studies on the 1,3-dipolar cycloaddition between oxazol-5(4H)-
ones and enol ethers by evaluating a variety of Lewis acids for their ability to
promote the 1,3-dipolar cycloaddition between 2-phenyl-4-methyl-5(4H)-
oxazolone Ill-1 and n-butyl vinyl ether llI-2. Based on our previous studies
involving Lewis acid promoted cycloaddition reactions of oxazol-5(4H)-ones, we
chose TMSCI and AgOAc to begin our investigation (Table Ili-1). A solution of 2-
phenyl-4-methyl-5(4H)-oxazolone llI-1 (1 equivalent) and n-butyl vinyl ether ll-2
(3 equivalents) was treated with either TMSCI or AGOAc (3 equivalents). The
solutions were stirred for 48 hours at either room temperature or refluxing in THF
and then analyzed for pyrroline formation.  Unfortunately, no desired

cycloaddition products were observed in any of the reactions. Most of these
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reactions resulted in the recovery of the starting oxazol-5(4H)-one, although

some decomposition of the starting enol ether could also be observed.

O"Bu
o —/ o
- Ph Bu
Ph\« (0 -2 {
N Lewis Acid N—i~co,H
Sovient :
m-1
Entry Lewis Acid Solvent Temp.(°C) Yield
No
No
No
No

Table llI-1. Reaction of 4-methyl-2-phenyl-5(4H)-oxazolone IlI-1 with butyl
vinyl ether lll-2 in the presence of Lewis acids.

D. Reversing the electronics of the reaction

One possible explanation as to the failure of our initial cycloaddition attempts
using oxazol-5(4H)-ones and enol ethers may lie in the energy gap between the
frontier molecular orbitals involved.? As stated earlier, minchnones are
considered to be electron rich 1,3-dipoles.'”> They are classified as having
relatively high energy FMOs causing them to typically participate in Type |
cycloadditions with electron deficient alkenes where the dominant FMO
interaction occurs between the HOMO of the azomethine ylide and the LUMO of

the alkene (Figure III-3, A).'® Since the frontier molecular orbitals associated
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with electron rich alkenes (e.g. enol ethers) tend to be relatively higher in energy,
their ability to participate in 1,3-dipolar cycloadditions with azomethine ylides may
be dismal due to a large energy difference between the FMOs involved (Figure
-3, B).
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Figure IlI-3. Frontier molecular orbital explanation of the cycloaddition between
minchnones and alkenes.

We hypothesized that stabilization of the minchnone species involved
would lower the energy levels of its corresponding FMOs, potentially allowing it to
undergo either a Type |l or Type lll cycloaddition with enol ethers (Figure IlI-3,
C). We envisioned two alterations to our reaction conditions that could help
facilitate the reaction. One modification would be to change the substitution
pattern of the oxazol-5(4H)-one in an attempt to stabilize the dipole. For
example, placing an electron withdrawing substituent at the 4-position of the
oxazol-5(4H)-one scaffold would help to stabilize the anionic portion of the dipole.

A second possible alteration to our initial reaction conditions for promoting the
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cycloaddition reaction would be to screen a wider variety of Lewis acids. The
strength of the Lewis acid involved in the formation of the miinchnone species
could play a major role in its stability.2 Furthermore, coordination of the Lewis

acid to the enol ether reactant may also help to promote these cycloadditions.

E. Discovery of a novel alkylation reaction of oxazol-5(4H)-ones

The first modification we made to our reaction conditions was to position an
electron withdrawing substituent at the 4-position of the oxazol-5(4H)-one
scaffold. The ester substituted oxazol-5(4H)-one, 2-phenyl-4-carbmethoxy-
5(4H)-oxazolone I, was synthesized according to a known literature
procedure.?’ Treatment of 2-phenyl-4-carbmethoxy-5(4H)-oxazolone HlI-5 with a
variety of Lewis acids while in the presence of 3 equivalents of tert-butyl vinyl
ether lll-6 once again resulted in no cycloaddition product. In contrast to our
earlier studies though, these reactions did not result in the recovery of the
starting oxazol-5(4H)-one. Instead, we observed the formation of a
diastereomeric mixture of quaternary substituted oxazolone products llI-7 as

illustrated in Scheme 111-8.%
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Scheme llI-8. Reaction of 2-phenyl-4-carbmethoxy-5(4H)-oxazolone IlI-5 with
tert-butyl vinyl ether 111-6 to form the quatemnary substituted oxazolone Illi-7.

The quaternary substituted oxazolone llI-7 was formed in every reaction of
2-phenyl-4-carbmethoxy-5(4H)-oxazolone IlI-6 with tert-butyl vinyl ether -6
independent of the Lewis acid used. Each reaction afforded a relatively high
yield of product formation with ZnCl, producing the highest yield at 98% (Table
lII-2, entry 2). Interestingly, the diastereomeric ratio of the product mixture was
approximately the same irrespective of the Lewis acid screened bringing into
question the role of the Lewis acid catalyst. This prompted us to conduct the
experiment of reacting 2-phenyl-4-carbmethoxy-5(4H)-oxazolone Ill-5 with tert-
butyl vinyl ether 1ll-6 without the use of any catalyst. To our delight, the same
quatemary oxazolone product lil-7 was formed in quantitative yield and in the
same diastereomeric ratio indicating that the use of Lewis acids was not required

in the reaction (Scheme llI-2, entry 4).

154



O'Bu

Ph =/ Ph (o)
N ° o -6 T =0
—_— N
N \e_—_ Lewis Acid

CoMe  CHzCh Me,C o8y
ns m-z
Entry Lewis Acid Time D.R. Yield
1 AgOAc 24 hrs 1.3:1 73%
2 ZnCl, 36 hrs 1.2:1 98%
3 Ti(OBu), 10 min 1.2:1 70%
4 none 1hr 1.2:1 99%

Table llI-2. Reaction of 2-phenyl-4-carbmethoxy-5(4H)-oxazolone -5 with tert-
butyl vinyl ether 11I-8 in the presence of various Lewis acids.

The alkylation of 2-phenyl-4-carbmethoxy-5(4H)-oxazolone WI-5 using fert-
butyl vinyl ether IlI-6 presented us with an interesting synthetic opportunity. First
of all, it presented perhaps a novel method for the alkylation of oxazol-5(4H)-
ones to form quatemary oxazolone substrates. Quaternary oxazolones are
useful intermediates for the synthesis of a variety of substrates including
biologically interesting a,a-disubstituted a-amino acids.'®?® Secondly, dependent
on the scope of the reaction, we envisioned utilizing this new alkylation reaction
as a key step towards the total synthesis of the Lactacystin family of molecules
(Scheme 111-9). Alkylation of 2-phenyl-4-carbmethoxy-5(4H)-oxazolone lll-§ with
a higher substituted enol ether would directly result in almost the entire carbon

skeleton of Lactacystin. Subsequent hydride reduction of the quaternary
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oxazolone intermediate® followed by oxidation would produce an amino ester

intermediate ideally substituted to complete the synthesis (Scheme 111-9).
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Scheme llI-9. Retrosynthetic route to the synthesis of Lactacystin using an
alkylation reaction of an oxazol-5(4H)-one by an enol ether as the key step.

F. Comparison to similar reactions found in literature

1. Conia-ene cyclization. Although this particular reaction appears to be novel,
similar types of reactions are often referred to as ene-reactions. Ene reactions
represent an atom efficient and powerful reaction for the formation of carbon-
carbon bonds.3' One example of such a reaction is the Conia-ene reaction, a
reaction that potentially serves as an alternative to enolate alkylations.?
Traditionally, the Conia-ene reaction is thought of as an intramolecular ene
reaction of unsaturated ketones and aldehydes, in which the carbonyl serves as

the ene component via its enol tautomer (Scheme 111-10).3
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Scheme llI-10. General thermal Conia-ene cyclization.

Overall the Conia-ene reaction has not received as much attention in the
literature as other types of ene reactions. This may be in part due to the fact that
the reaction generally needs to be conducted at very high temperatures to
overcome the large activation energy barrier of the reaction.>® Metal catalyzed
versions of the reaction allow for lower temperatures, although enolate
generation,* strong acid,®® or photochemical activation® are usually required.
Recent reports have demonstrated that using catalysts such as gold,” nickel,
and indium® can effectively promote Conia-type ene cyclizations under much
milder conditions. More recently the first enantioselective Conia-ene cyclization
reaction was reported using a Pd(ll) / Yb(lll) dual catalyst system.3°

Intermolecular versions of this type of ene reaction would greatly enhance
the utility of ene reactions as an enolate alkylation alternative.® The
intermolecular alkylation of oxazol-5(4H)-ones using enol ethers represents a
possible advancement towards the development of intermolecular Conia-ene
reactions.?® The reaction occurs under very mild conditions without the use of
any catalyst. We hypothesized that oxazol-5(4H)-ones would be ideal substrates
for the development of an intermolecular ene reaction of this nature based on the
ease of formation of the aromatic enol tautomer (Scheme IlI-11). The overall

transformation closely resembles that of the Conia-ene reaction, although differs
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being an intermolecular reaction and also utilizes enol ethers as the enophile

rather than alkenes and alkynes.

Conia-Ene Cyclization
o O~H | o)
- -
Intermolecular Alkyation
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Concerted?

Scheme llI-11. Comparison of the Conia-ene cyclization to the intermolecular
alkylation of oxazol-5(4H)-ones using enol ethers.

2. The ortho-alkylation of phenols using alkenes. A second reaction
illustrating similarity to the intermolecular alkylation of oxazol-5(4H)-ones using
enol ethers is the ortho-alkylation of phenols using alkenes.*'*> Both reactions
involve the C-alkylation of substrates exhibiting high enolic character by alkenes.
The ortho-alkylation of phenols using alkenes has drawn much attention from
researchers due to the industrial applications of alkylated phenols.*®* These
reactions generally provide reaction mixtures consisting of not only ortho and
para alkylated products, but also tend to produce O-alkylated products.
Mechanistically, it is believed that these reactions initially produce high levels of
O-alkylated intermediate followed by a series of ionic rearrangements eventually
providihg the final C-alkylated products.*? These reactions may occur without the

need for any catalyst, although high temperatures (260 °C to 425 °C) are

158



generally required. A variety of both homogeneous and heterogeneous catalyst
systems have been developed to help both decrease the required temperature of

the reactions along with improve the overall regioselectivity.*'
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Scheme llI-12. The thermal ortho-alkylation of phenols using enol ethers.

Pinhey and co-workers have reported the thermal ortho-alkylation of
phenols using enol ethers (Scheme 11I-12).** As compared to earlier reports
using unactivated alkenes, the ortho alkylation reaction of phenol by enol ethers
occurs under less extreme conditions (~150 °C). The product mixtures obtained
in these studies only consisted of O-alkylated and ortho-alkylated products. The
authors proposed thes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>