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ABSTRACT

Alzheimer’s disease (AD) affects over 4.5 million Americans and due to its
widespread social and economic impact, development of a drug to slow down or halt
progression is imperative. AD is a form of late-life mental deficiency marked by
progressive memory and cognitive impairment. Abnormal accumulation of amyloid
plaques and neurofibrillary tangles are key biomarkers in AD. Amyloid plaques consist
of an insoluble secreted amino acid derivative formed through the proteolytic cleavage of
the amyloid precursor protein (APP) by two distinct proteases: -, and y-secretase. Much
research has been focused on the design and development of a B-secretase (BACE)
inhibitor, since animal models have shown repeatedly inhibition of BACE decreases
amyloid plaque formation. Peptidomimetics, the mimicking of natural peptide structure,
as a means for drug design, was used as an approach to synthesize a series of leucine
cyclopropane-derived BACE inhibitors. The synthetic route included
nitrocyclopropanation and a transfer hydrogenation as key steps to produce the core
structure. Attempts were made to couple the terminal amine of the core to a side chain

common to known BACE inhibitors.
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CHAPTER I: INTRODUCTION

Alzheimer’s Disease Pathogenesis.

According to estimates from the 2000 U.S. Census Bureau, Alzheimer’s disease
(AD) affects 4.5 million Americans and should increase to 13.2 million by the year
2050." This staggering statistic inspired researchers to work toward the prevention,
treatment, and/or cure of this destructive disease. AD is a form of late-life mental
deficiency marked by progressive memory and cognitive impairment, unstable behavior
such as paranoia, and loss of social appropriateness.” Due to its widespread economic
and social impact, the United States Congress has signed into law the National
Alzheimer’s Project Act to create and maintain a national plan to fight AD.” The national
plan includes a research funding investment of $156 million over the next two years to
propel the development of effective AD treatments.

As an individual ages, amyloid plaques and neurofibrillary tangles can
accumulate in the brain. AD patients have plaque and tangle formation in parts of the
brain associated with memory and cognitive functioning.’ The density of the amyloid
plaques and neurofibrillary tangles results in neuronal and synaptic loss. The degree of
cognitive impairment can be based on the amount of synaptic loss between neurons.”®
There is no known natural defense against neural circuitry loss, thus substantial research
has been dedicated to combat degenerative changes in the brain characteristic of AD.’

In 1906 Alois Alzheimer was the first to notice the connection of amyloid plaque

formation in the cerebral cortex to a series of symptoms such as memory loss and



cognitive dysfunction.* Close to eighty years later, Glenner and Wong were the first to
purify the plaques and sequence the main component, the amyloid B-protein (Ap).” A
few years later, several scientists discovered neurofibrillary tangles that consisted of
abnormally phosphorylated 1 (tau) protein. '°'* These two historic discoveries were the

first neurochemical clues to understanding the pathogenesis of AD.

Cholinergic Therapy. An early observation of the cause of dementia was the
severe deficiency of acetylcholine (ACh) levels in the brain.”> Choline is used to
synthesize ACh, which acts at cholinergic neurons. Cholinergic neurons are located near
the nucleus basalis, a part of the brain associated with learning and memory. To maintain
an equilibrium between the synthesizing and hydrolyzing enzymes, is to ensure proper
brain function.'” The simplicity of cholinergic pathology led researchers to focus on
increasing ACh levels by protecting released ACh from hydrolysis by the serine protease
acetylcholinesterase (AChE), shown in Figure 1. It was thought that activating Ach by

inhibiting AChE would increase cholinergic activity and improve memory dysfunction.'®

AChE o
HoN A\ OH H2N N Y
O
Choline Acetylcholine

Figure 1: Hydrolysis of choline by acetylcholinesterase



AChE Inhibitors. The first AChE inhibitor to become available to AD patients
was tacrine in 1993." Due to tacrine’s long half-life, dosing limitations became
problematic and caused a number of harmful side effects. There are three AChE
inhibitors on the market today: donepezil, galantamine, and rivastigmine (Figure 2).
Donepezil can treat all stages of AD while galantamine and rivastigmine are used for
patients with mild to moderate symptoms. Although the simplicity of cholinergic

therapy is promising for symptomatic relief, the need to halt the progression of the

disease is ever present.” %
O
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Figure 2: Acetylcholinesterase (AChE) inhibitors

Tau Pathology. A soluble cytoplasmic protein, tau is responsible for stabilizing

microtubules in cytoskeletal organelles.'” The microtubule system is critical to the



transport of materials between axons."> Once tau is phosphorylated, it can accumulate in
and around neurons, having a negative effect on microtubule stability.'* Affecting all
areas of the brain, hyperphosphorylated tau structurally forms insoluble paired helical
filaments which become the main component of neurofibrillary tangles.'"'* Tau
degeneration leads to progressive dementia and is a part of the amyloid cascade

hypothesis.” !> 16

Amyloid Cascade Hypothesis. An amyloid plaque is an AP precipitate which can
accumulate in the walls of blood vessels and around neurons in areas contributing to

21-23

memory in the brain. The amyloid plaques, with the A core, are surrounded by

abnormal synapses and faulty neurons. The exact function and cause of amyloid
formation is still unknown.’

The protein responsible for AP formation is called the amyloid precursor protein
(APP); a polypeptide expressed in multiple cells throughout the body.” All cells
expressing APP generate AP, which has the ability to circulate, cross the blood brain
barrier, and accumulate around cerebral neurons. APP is processed through the secretory
pathway in the cell by a series of proteolytic cleavages completed by three distinct

2,9,15,24 o .
7" The secreted derivatives, known as residues,

proteases: a-, -, and y-secretase.
are released into the cerebral spinal fluid and dissolved in the brain. Processing of APP
within the AP domain is carried out by a-secretase which releases a large, soluble

fragment. Retained is a COOH-terminal fragment which can undergo additional

processing by y-secretase to release a p3 peptide. Alternatively, B-secretase (p-site APP-



cleaving enzyme (BACE)) can produce a slightly smaller residue than a-secretase,

retaining a COOH-terminal fragment which when cleaved by y-secretase releases the A3

peptide (Figure 3).%>2°
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Figure 3: APP processing by a-, B-, and y-secretase to release Af peptide.124

The y-secretase has the ability to release an AP peptide 40 (AB40) or 42 (AP42)
amino acids in length. A normal metabolic processing of APP will generate a small
amount of the abnormal AB42. The ratio between AP 40 and AP 42 is tightly regulated,
however it is hypothesized regulation declines as part of the natural aging process.
Increased production of AP42, since insoluble in cerebral spinal fluid, will lead to
aggregation and inevitable plaque formation.”®*°

APP gene mutations are the cause of progressive, enhanced buildup of A which

o . . 15. 16.2
initiates a complex cascade of events responsible for neurodegeneration.™ '™ '*%" As AB



plaques accumulate, synaptic and neuronal injury become apparent,”® modified kinases
hyperphosphorylate tau protein to affect axon transport,'* and deficiencies in
neurotransmitters initiate cell death. This extensive cascade of events leads to dementia
and cognitive failure, symptoms characteristic of AD.>® 1> 1¢

APP mutations are gain-of-function mutations by elevating Ap production.” Most
mutations support cleavage of APP by BACE, inducing increased production of Ap42.%"
! Mutations to APP processing occur before abnormal phosphorylation of tau (in AD
patients); thus suggesting AP toxicity is tau dependent.’® Several cases exist where
severe precipitation of neurofibrillary tangles is present without the presence of amyloid
plaques.”® Establishment of faulty functioning on APP is a main component of AD
pathogenesis.® * **

The degree of cognitive impairment and AD progression does not correlate well
with amyloid plaque deposition.'> However the concentration of soluble Ap residues can
be used to determine severity of dementia. The complete understanding of neuronal
injury inflicted by insoluble AB42 has yet to be defined in vivo."> AP plaques consist of
soluble and insoluble APP protein fragments. The collection of amyloid plaques may
serve as basins for soluble A to be dispersed throughout the brain and be responsible for
synaptic and neuronal damage.” Tt is difficult to determine whether the soluble or

insoluble A peptide is more toxic than the other or if each are equally important in AD

pathogenesis.’



Potential Therapeutic Strategies. Due to widespread acceptance of the amyloid
cascade hypothesis, much research is dedicated to treatment options associated with APP
processing. Several strategic areas of potential therapeutic options include prevention of
neurodegeneration by A build-up, enhancing solubility of AP peptides, introducing
small molecules to prevent plaque assembly, or production of BACE or y-secretase
inhibitors.” "> The Elan Corporation in the mid 1990s was the first to successfully
block y-secretase activity in vitro.”> Since the Elan Corporation’s first y-secretase
inhibitor, several have moved forward to clinical trials within the last ten years.”*>® The
clinical trials have all been unsuccessful at varying stages with all exhibiting harmful side
effects. Speculation has risen among researchers whether y-secretase inhibitors are
practical therapeutic strategy for AD.”> More research is focused on BACE inhibition

because it is the first step (rate-limiting) toward toxic plaque accumulation.

p-Secretase. A critical part of AP peptide production, BACE, discovered in 1992,
was finally fully characterized in 1999 by five separate research groups concurrently.3 943
Several groups were able to identify the enzyme using human genome databases, from
previous evidence suggesting one of the secretases involved in APP processing was an
aspartyl protease.’” > * A biochemistry group isolated and purified the active enzyme
directly from brain membranes while another group isolated BACE cDNA using its

ability to increase AB production.”® The final characterization of BACE led to

researchers pursuing this enzyme as a promising pharmacological target to fight AD.



BACE is a type I integral membrane glycoprotein. It has a large extracellular
domain of 434 amino acids with only 24 amino acids in the intracellular domain.**
Another B-secretase enzyme with similar structure and homology but different tissue
distribution, localization, and substrate specificity was also identified from human
genome databases.”> Demonstrating cleavage of APP within the Ap domain, this enzyme
named BACE2, was found to not play a role in plaque formation.*® BACE! extracellular
domain contains the residues needed for catalytic activity (Figure 4).*” Two highly
conserved aspartic acid residues, Asp 32 and 228, are contained within the active-site

4.4 Dye to the acidic intracellular

enabling the enzyme to be an aspartyl protease.
compartments, BACE optimum pH is 4 — 4.5.* The active-site is characterized by
hydrophobic and hydrophilic pockets controlled by conformational changes of the
“flap.”*"-°*>2 A flexible B-hairpin, the flap regulates access to the active site and sets
BACE in the correct geometry for proper enzyme functioning. Two water molecules
along with Asp 32 and 228 use acid-base mechanisms to open the flap (in active

conformation), cleave peptide bond, and close flap (in inactive conformation).”® >
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Figure 4: BACE catalytic activity mechanism™" >’

While the features of the BACE1 enzyme are well known, its function and
regulation is not completely understood. Since BACE is located in and around neurons
and transported to axons in the cell’, it may play a role in myelination since mice devoid
of BACE display hypo-myelination.”® However, this function is independent of Ap
production, as overexpression of BACE in mice causes neurodegeneration.”® BACE
expression in platelets may be an indication of function in the inflammatory response.>’
Much evidence exists confirming an association between inflammation response and AD,

yet further research is needed to explain the complex molecular interactions.”®

Inhibitors. Although the function of BACE is unclear, the aim to inhibit BACE
activity in the cell is evident. Animal models have shown repeatedly that the inhibition

of BACE decreases the amount of AP in the brain, therefore reducing harmful plaque

59-61

formation and the downstream steps in the pathogenesis of AD. In a knockout mice



10
study, all animals without BACE expression did not produce AP plaques. Crossing those
mice with mice having an overproduction of human APP rescued memory dysfunction,
suggesting that an effective treatment for AD could be found.”' In another knockout
mice study, mice showed only minor behavioral changes, suggesting that if an effective
BACE inhibitor is synthesized, side effects could be minimal.®":®* Effective selectivity
development over BACE-2 and cathepsin D, the other aspartyl proteases found in human
cells, is required. An optimal BACE inhibitor needs to be somewhat water soluble to
reach the aqueous, acidic environment of the BACE active site and yet be hydrophobic

enough to have the ability to penetrate the blood brain barrier (BBB)."”

Peptidomimetic. The first generation peptidic BACE inhibitor synthesized with
high potency was a transition-state analog, OM99-2 (Figure 5).° This novel inhibitor
was designed with knowledge of BACE substrate specificity and contained a
hydroxyethylene transition-state isostere. The eight residue long inhibitor was extremely
potent (1.6 nM) due to its distinct positioning of each residue in the peptide chain. With
further characterization of an OM99-2 X-ray crystal structure within the BACE active-
site, one of the alanine residues formed an unwanted “kink” in the backbone.”> By
replacing the alanine with a valine, OMO00-3 was synthesized and generated higher
activity than OM99-2 (0.6 nM).** Unfortunately, neither of these two inhibitors exhibited
the ability to cross the BBB, but were able to give insight into the binding interactions of

the active site to advance inhibitor design.
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Figure 5: First generation BACE inhibitor - OM99-2
(hydroxyethylene isostere)

O~ "OH

In order to maintain biological activity but have the ability to penetrate the BBB,
researchers began looking at peptide replacements to lessen the peptidic nature of
potential BACE inhibitors. Since the amino acid preference of the BACE active site is
quite broad, a variety of side chains can interact well with the active-site.**®> Several
inhibitors have been reported with a statine-based central core and an acidic tetrazole ring
(Figure 6).°*°” These bioisosteric replacements maintained good potency (5.6 — 1.2 nM)

and were found to inhibit BACE in cultured cells.
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Figure 6: Statine-based BACE inhibitors
(phenylnorstatine core)

To further explore peptide alternatives, multiple hydroxyethylene-based (HE)
inhibitors have been synthesized (Figure 7).%%72 An N-terminal isophthalamide side
chain (red in Figure 7), compound 1 proved to improve cell penetration and generate
good enzymatic inhibition (30 nM).* With the addition of a methoxy group near the
core, compound 2 potency increased ten-fold leading to better selectivity against
cathepsin D.”' Moreover, deletion of the amide linkage (blue in Figure 7) in compound 2
to form compound 3, decreased potency (140 nM) showing the interaction between the

amide bond and the active-site is important in generating good activity. >
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Figure 7: Hydroxyethylene BACE inhibitors
(isophthalamide side chain and amide bond)

Another series of BACE inhibitors, hydroxyethylamine-based (HEA), has been
able to further characterize the drug interaction preferences of the BACE enzyme

4
7374 HEA cores are

assuming the basic nitrogen contributes to an increase in potency.
made up of a hydroxy group with the R configuration (opposite of HE series) and an
amine linkage on the C-terminal end of the scaffold (Figure 8). With the isophthalamide
side chain functionalized in conjunction with a primary amine, desirable potency was
observed for compound 4 along with increased selectivity.”” As a result of poor
metabolic stability, researchers replaced the isophthalamide side chain with an acyclic
sulfone (compound 5).”® Although increased potency was observed, the compound had
greater affinity for cathepsin D. Using the X-ray crystal structure of compound 6

interacting with BACE, analysis shows strong hydrogen bonding between the two

catalytic aspartic acids and the hydroxy group as well as the secondary amine.”” This
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BACE inhibitor expressed significant enzymatic inhibition (1 nM), good selectivity and

. 73,77, 78
remarkable in vivo results.””” '
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Figure 8: Hydroxyethylamine BACE inhibitors
(HEA core)

The first BACE inhibitor to achieve oral bioavailability came from
GlaxoSmithKline in 2007.” The hydroxyethylamine isostere core (shown red in Figure
8) of compound 7 achieved good potency (4 nM), excellent selectivity over the other
aspartyl proteases, and showed the ability to reduce A levels in the brain of APP

transgenic mice. Investigations into conformationally constrained replacements in the



peptide chain, pyrrolidine inhibitors were developed (compounds 8 and 9).***' While
these restricted BACE inhibitors showed good enzymatic inhibition (low nM range) in

vitro, they were not selective for BACE and metabolically unstable.

Compound 10

(®)
O | N o
?\l/w;/g Compound 11
/O

0.2
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HN\/\N N\)\
PH g
O Compound 12

Figure 9: Macrocyclic BACE inhibitors

In order to stabilize the active conformation needed to achieve good potency,
macrocyclization has been used to pre-organize several compounds by restraining
conformational freedom (Figure 9).%*™® This strategy is possible due to the open nature
of the BACE active site subsites.”” Several examples were found to maintain high
potency, seen in other BACE inhibitors, and improve membrane permeability
(compounds 10-12).*** To increase the interaction between inhibitor and the catalytic

Asp found in the BACE active-site, researchers introduced a primary amine on the C-

15
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terminal end of the compound with a diamino-isonicotinamide core (Figure 10), which
exhibited high potency but low bioavailability.* * An exploration of different
substituents on the phenyl group of compound 13* gave some improvement of enzymatic
inhibition in vitro but led to no enhancement of pharmacokinetic properties due to poor

brain penetration.”

\S
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,,,,V\ _— N\/'\/F
lo) =z
Compound 13 @

Figure 10: Diamino isonicotinamide BACE inhibitor

Non-peptidomimetic. Several concerns exist with the use of peptidomimetics as
BACE inhibitors; the large active-site and need for proficient brain penetration has lead
numerous researchers to devote efforts toward exploring non-peptidomimetic inhibitors
of BACE with a new chemical backbone (Figure 11). Using high throughput screening,
an acylguanidine-based inhibitor was optimized to achieve compound 14.”" Through the
X-ray crystal structure of BACE and compound 14 complexed together, analysis of the
interactions between the functional groups of the inhibitor and the residues of the active-

site were examined. The N-acylguanidine core (shown red in Figure 11) interacts with
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the catalytic aspartates and the N-terminal substituents which creates hydrogen bonding
between the inhibitor and two amino acids by making use of the water molecules
associated with BACE.”' Acylguanidine-based compounds have poor selectivity and
permeability which are major drawbacks to this group of non-peptidomimetic BACE
inhibitors.”*”*

Extending the inhibitor to enhance its interactions with the large active-site,
researchers developed a series of aminoquinazoline-based inhibitors (Figure 11).
Modifications to the initial hit found in high throughput screening of the Wyeth corporate
library developed compound 15.° Analysis of the X-ray structure determined the
cyclohexane occupies a distinct subsite and stabilizes BACE in its open conformation, as
opposed to peptidomimetic BACE inhibitors. Enhancement of compound 15 to
compound 16, which proved to be an effective inhibitor (11 nM) decreasing AP levels up
to 70% in rats. As seen with other peptidomimetic and non-peptidomimetic BACE

inhibitors, inhibitor 16 has difficulties penetrating the BBB as well as not being selective

over the other aspartyl proteases.”
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Figure 11: Non-peptidomimetic BACE inhibitors
(acylguanidine and aminoquinazoline)

Based on the amyloid cascade hypothesis, development of a BACE inhibitor drug
candidate capable of crossing the BBB, selective over other aspartyl proteases, and with
high enzymatic inhibition in vitro and in vivo is crucial. Recently a BACE inhibitor,
CTS-21166 (structure undisclosed), successfully completed Phase I clinical trials.”
CTS-21166 exhibited good potency (3 nM) and selectivity (around 100-fold better for
BACE over cathepsin D).”” A one-third decrease in AP levels of transgenic mice over a
six week period, led to the first clinical trial of CTS-21166 in 2008.”> " Assessment of
safety and initial AP reaction to CTS-21166 was conducted on healthy, young males.
Results from the first Phase I trial allowed a second Phase I trial to administer the drug
orally. Reduction of A levels were seen which is encouraging for the development of a

successful BACE inhibitor.*” '%°
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Peptidomimetic Design.

Peptidomimetic compounds have a core structure mimicking that of a natural
peptide. They conserve the ability to interact with biological targets and have the
potential to overcome the issues associated with a normal peptide such as rapid excretion,
limited stability, and poor bioavailability.'”" The use of peptides as drug candidates is a
common strategy because most peptides can be easily synthesized with large structural
diversity. The linker in a peptide chain is the amide bond; this bond is semi-rigid and has
partial double bond characteristics.'” This key feature of peptides is crucial to
interactions and cell recognition. Amide bond replacements along with cyclization,
amino acid substituents, and N-methylation are all strategies used in the synthesis of
peptidomimetic drug design.'”'** Conformational constraints of the amide bond are
employed in peptidomimetic synthesis to orient the amino acid side chains into the most
beneficial position to achieve optimum enzymatic inhibition. Isosteric replacements

modify the backbone of a peptide improving pharmacological properties.'”"

Cyclopropyl Approach. Critical to the development of successful peptidomimetic
inhibitors is enhanced pharmacological properties. Manipulation of peptidic structure
can be a way to increase the interaction of the peptidomimetic inhibitor with the active
site. Several studies have shown that conformationally constraining the structure of a
peptidomimetic drug candidate improves selectivity and pharmacokinetic profile.'” The
constraint of the backbone can influence metabolic properties.'”® Researchers have used

cyclopropane derivatives as isosteric amide bond replacements in order to increase
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metabolic stability and provide a way to position side chains in ideal orientations for

optimum binding.'"""'"?
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Figure 12: Cyclopropyl incorporation strategies111

Strategies to incorporate a cyclopropane ring into the peptidomimetic structure
include bond formation between two side chains, a side chain to the backbone and
insertion into the peptide backbone (Figure 12). Selection of cyclization site or insertion
influences conformation and therefore binding effects of the molecule. Cyclopropane-
derived structures restrict the movement of the amide bond which can influence
pharmacokinetic properties. When amide bond flexibility is greatly reduced, side chains

are fixed in beneficial conformations to achieve higher affinity for biological targets.
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Figure 13: Cyclopropane-derived Renin inhibitors

Martin, ef al. were the first to investigate the use of cyclopropane-derived

'3 Introduction

peptidomimetics in the development of aspartyl protease renin inhibitors.
of the cyclopropane ring was used to orient the phenyl side chain of the potent renin
inhibitor compound 17 (Figure 13). Synthesis of the cyclopropane ring involved using a
rhodium catalyst to complete an intramolecular cyclopropanation of an alkene with a

"1 Through the use of the rhodium catalyst, numerous

diazoester (scheme in Figure 14).
compounds were made of dihydroxy and hydroxyethylene peptidomimetics.'” "' The
rigid compound 18 proved to be equipotent to its original counterpart while its
enantiomer (compound 19) lost a considerable amount of potency.'”> While the

constrained conformation did not increase enzymatic activity, the results still supported

the use of cyclopropane-derivatives as an effective peptidomimetic rigid replacement.''*
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Figure 14: Intramolecular cyclopropanation
using a rhodium catalyst

Knowledge of the HIV-protease active-site led Martin, et al. to explore
integration of cyclopropane rings in a known, highly potent inhibitor 20 (Figure 15).'"
Using the intramolecular cyclopropanation synthesis, methyl group incorporation as
substituents on the cyclopropane ring was evaluated. The constrained core of compounds
21-24 gave a pre-determined orientation of side chains found to be biologically active for
the HIV-protease enzyme and equivalent in potency to compound 20.'” The use of the
cyclic derivatives as rigid replacement options were accepted by the HIV-protease
enzyme active site. Extensive X-ray crystal structure data revealed the cyclopropane-

derived inhibitor 22 bound to the active-site of HIV-protease similarly to lead compound

20, which contains the more flexible peptide core.'”
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Compound 21: Ry =R, = CHj
Compound 22: Ry = CH3, Ry =H
Compound 23: Ry =H, R, = CHj3
Compound 24: Ry =R, =H

Figure 15: Cyclopropane-derived HIV-1 protease inhibitors

1. CpoZrHCI
2. Me,Zn Ph

_~~">OTBDPS = Phy(O)P. OTBDPS
z 3. PhCH=NP(O)Ph, 2(0) ”)\DV
4. (CHl),Zn'DME

Figure 16: Multi-component condensation cyclopropanation synthesis

Multi-component condensation reactions of organozirconocene, aldimine and zinc
carbenoid were used by Wipf, ef al. to synthesize stereoselective cyclopropane-derived
peptides (Figure 16).""'"® The C- and N-termini were diversified from the
phenylglycine backbone to create a library of 46 compounds for development of a

structure-activity relationship profile.'"® Another approach used by Wipf was the
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combination of a water-accelerated methylalumination reaction with a Simmons-Smith
cyclopropanation (Figure 17) to synthesize a protected cyclopropylalkylamide compound
25""7: used as an intermediate to form enantiomerically pure derivatives. One such
derivative, compound 26 (Figure 18), was shown by X-ray crystal structure analysis to
control secondary structure features, a concept important in the use of cyclopropane-

derived peptidomimetics.

1. MesAl, Hzo, szzrclz, CH2C|2
2. Imine, uW
OTBDPS ’ §

Figure 17: Simmons-Smith cyclopropanation

Q) @ (P .

Compound 25 Compound 26

Figure 18: Wipf's cyclopropyl peptide isosteres
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The Dunlap Laboratory Approach. The Dunlap laboratory has developed an

efficient method to form the hydroxyethylene cyclopropyl core of peptidomimetic
structures (Figure 19).""° The desired cyclopropyl backbone was synthesized in three
steps with the use of the stabilized sulfur ylide EDSA, followed by ketone reduction. As
shown in Figure 19, this approach converted the commercially available Cbz-protected
amino acids to the corresponding Weinreb amides followed by the addition of
vinylmagnesium bromide to afford the enones, which were subjected to cyclopropanation
using EDSA. After ketone reduction, the Cbz-protected cyclopropane-derived
peptidomimetic core was synthesized in good yields. Although extensive stereochemical
analysis has been performed, the ability to recover multiple isomers may prove beneficial

when establishing enzymatic inhibition. Five amino acid series have been completed

thus far.'"
1 R
Cbz . OH 1. H,N(OCHs;)(CHs), EDCI, NEt3 EDSA
N > Cbz\N N
H o 2. CH,=CHMgBr H I
R (@) R o
Cbz NaBH,
) OEt —> Cbz.
H N OEt
© OH

Figure 19: The Dunlap laboratory cyclopropyl peptidomimetic synthesis
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Nitrocyclopropanation. The synthesis of the substituted enone creates access to
positioning of the nitrogen of the amide adjacent to the cyclopropyl ring (reverse amide).
Making use of a Curtius rearrangement would afford the reverse amide from the acid,
however a more efficient approach would be to incorporate the nitrogen in the
cyclopropanation step of the peptidomimetic synthesis (Figure 20).'*° Similar to the
EDSA cyclopropanation, nitrocyclopropanation using bromonitromethane has been used

121-123

in other syntheses. The Dunlap laboratory is the first to use the

nitrocyclopropanation to synthesize a variety of cyclopropane-derived peptidomimetic

structures to be used as intermediates for potential biologically active compounds.'*’

R R

Cbz\H )\H/\ BICHNO,, KiCO;  Chz. /'\H/<]/N02
- H

O O

Figure 20: Nitrocyclopropanation using bromonitromethane

Objective.

A series of leucine cyclopropane-derived peptidomimetics, as potential BACE
inhibitors, will be synthesized using the nitrocyclopropanation approach developed in the
Dunlap laboratory. The main focus of this thesis project was to reduce the nitro group
and remove the Cbz-protecting group to make both amines available for coupling

reactions. Transfer hydrogenation or Raney nickel was used to synthesize the unstable
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di-amine to be characterized as the di-acetate. The Cbz-protecting group was removed by
hydrogenation or transfer hydrogenation followed by coupling to benzoic acid or a

known active BACE side chain, N-dipropyl isophthalamide.
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CHAPTER II: MATERIALS AND METHODS

Synthesis of the cyclopropyl peptidomimetic compounds began with
commercially available N-(carbobenzyloxy)-L-leucine 27 which was then converted to
the known N-methoxy-N-methylamide (Weinreb amide) 28. A terminal enone 29 was
formed from the Weinreb amide by a Grignard addition of vinylmagnesium bromide.
Nitrocyclopropanation of the enone afforded the cyclopropyl nitro ketone 30. Using
sodium borohydride, the ketone of 30 was reduced to the alcohol 31. Synthesis of the

Cbz-L-leucine cyclopropyl nitro alcohol is shown in Figure 21.

)(J)\ . EDCI CH, ZMgBr
0N — > Cbz. N.j-CHs ————
o) EtsN H o5 . THF
27 »8 83%
Br~” NO, NaBH,
Cbz. NO
CbZ\N SN _— > CbZ\N NO, - ZA N 2
H 5 K,CO3  ACN H 5 MeOH H  OH 80%
70% o
29 81% 30 31

Figure 21: Synthesis of Cbz-leucine cyclopropyl nitro alcohol
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Method A
HCO,'NH,*

_—

10% Pd/C  MeOH

NO
Cbz. NO, H,N 2
N OH
H  oH H, 32
31 -
Pd/C EtOAc
Method B

Figure 22: Reduction of the Cbz protecting group

Transfer hydrogenation with ammonium formate and Pd/C for five hours (Method
A) or an overnight hydrogenation (Method B) removed the Cbz protecting group
(deprotection) to form the nitro-mono-amine 32 (Figure 22). Coupling of the mono-amine
32 to the BACE side chain, 3-(dipropylcarbamoyl)benzoic acid 33 or benzoic acid using
EDCI and HOBT or COMU, was expected to afford the nitro amide 34 or 35 (Figure 23
and 24). A 48 hour transfer hydrogenation removed the Cbz and reduced the nitro to
afford the unstable di-amine 36, which was quickly converted to the di-acetate 37 for
characterization (Figure 25). No attempt was made to separate diastereomers at any stage
in the synthesis, although the syn and anti isomers of the nitro ketone 30 have been

purified for characterization purposes.
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\/\NJ\Q)LOH
H O (@]

33
NO, SN N NO,
HoN
2 EDCI HOBT H OH
(O] >

32 Et;N DCM

Figure 23: BACE side chain coupling reaction

(0]
©)LOH
EDCI  HOBT o
or NO
NO, N 2
H,N comu H o Oy
(@] = [ > 35
32 DCM
Figure 24: Benzoic acid coupling reaction
HCO,'NH,*
Pd/C
or
NH
CbZ\N N02 H2 > H2N 2
H on . 36 ©OH
31 "Raney" Ni

O O

BV

PR N
- N g
Et;N  CHCl, H oH o)
37

Figure 25: Unstable di-amine synthesis
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Instruments, Materials, and Reagents

The NMR data were obtained by using a 500 MHz FT-NMR model ECA-500
JEOL (Peabody, MA) purchased with funding provided by the National Science
Foundation through the NSF-RUI program (#0321211) and where indicated a DRX 400
MHz Bruker (The Woodlands, TX). Chemical shifts are reported in parts per million
using tetramethylsilane (TMS) as an internal reference. Splitting patterns are designated
by the following: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and dd
(doublet of doublets). High resolution electrospray ionization-mass spectrometry (ESI-
MS) was performed at Notre Dame University, Notre Dame, Indiana.

Thin layer chromatograpy (TLC) was performed on glass plates coated with silica
gel and UV active backing purchased from Fisher Scientific, Pittsburgh, PA. The TLC
plates were analyzed with a short wavelength (254 nm) UV light and subsequently
stained with phosphomolybdic acid (reagent grade, Aldrich, Milwaukee, WI) prepared as
a 10% solution in ethanol. Column chromatography was performed with silica gel, 60 A
230-400 mesh ASTM (reagent grade, Fisher Scientific, Pittsburgh, PA) and flash
chromatography was performed on an ISCO CombiFlash R 200 (Teledyne ISCO,
Lincoln, NE).

Methylene chloride, methanol, acetone, acetonitrile, ethyl acetate and hexanes
were purchased from Fisher Scientific, Pittsburgh, PA. Chloroform was purchased
reagent grade from Acros Organic, New Jersey, USA. Deutero-chloroform (CDCl;) was

purchased from Aldrich, Milwaukee, WI and Cambridge Isotope Laboratories, Inc.,
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Andover, MA. Solvent extractions were performed using ethyl acetate or methylene
chloride where indicated and washed with 1M HCI, saturated sodium bicarbonate, and
brine (reagent grade, Fisher Scientific, Pittsburgh, PA). The organic layer was dried with
magnesium sulfate (Fisher Scientific, Pittsburgh, PA) and filtered. Evaporation of
solvents was achieved using a Buchi rotary evaporator (Model RII, Buchi, Switzerland)
or Heidolph rotary evaporator (Model Hei-VAP Value/GS5, Heidolph, Germany).

Triethylamine (Et;N) was obtained from Fisher Scientific, Pittsburgh, PA.

Anhydrous reagent grade vinylmagnesium bromide and tetrahydrofuran (THF) were
purchased from Aldrich, Milwaukee, WI. Other reagents including N-(carbobenzyloxy)-
L-leucine, N,O-dimethyl hydroxylamine hydrochloride, N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDCI), hydroxybenzotriazole
(HOBt),bromonitromethane, potassium carbonate, sodium borohydride, 10% palladium
on carbon, Raney®-Nickel, slurry in H,O, active catalyst, and ammonium formate were
obtained from Aldrich, Milwaukee, WI. BACE side chain 33 was prepared as reported in

the literature.'>

Synthetic Methods

(S)-Benzyl (1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate (28). To a solution of N-(carbobenzyloxy)-L-leucine 27 (1.5 g, 5.6 mmol)
in 15 mL methylene chloride, was added N,O-dimethyl hydroxylamine hydrochloride
(550 mg, 5.6 mmol), followed by N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide

hydrochloride (EDCI) (1.09 g, 5.6 mmol), and triethylamine (Et;N) (790 uL, 5.6 mmol)
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after 10 minutes. The solution was allowed to stir overnight at room temperature. After
diluting the reaction with 80 mL ethyl acetate, the solution was washed with 1M HCI,
aqueous sodium bicarbonate and water. The organic layer was dried with magnesium
sulfate, filtered, and solvent was evaporated. The crude product was chromatographed on
25 x 100 mm silica gel eluting sequentially with 1:6, 1:4, and 1:2 ethyl acetate-hexane to
afford 1.31 g (75.5%) of the Weinreb amide 28.

"H-NMR (500 MHz, CDCl5): § 7.32-7.28 (m, 5 aryl CH), 5.48 (d, 1H, J=9.2, NH),
5.07(dd, 2H, J=12.60Hz, CH,CBz), 4.7 (m, 1H, CH), 3.76 (s, 3H, OCH3), 3.16 (s, 3H,
NCH;3), 1.71 (m, 1H, CH(CH3),), 1.44 (dd, 2H, J=7.16, CH), 0.90 (d, 3H, J=6.87,
CH;CH), 0.86 (d, 3H, J=6.30, CH;CH); *C-NMR (125 MHz, CDCls): & 170.2 (ester
C=0), 156.2 (CBz C=0), 136.4 (4° aryl C), 128.3-127.8 (6 aryl C’s), 66.1 (CH,CBz),
61.4 (OCHs), 49.4 (CHN), 41.75 (CH»-isobutyl), 24.54 (CH(CHs),), 23.19 (CHj’s).
(S)-Benzyl (6-methyl-3-oxohept-1-en-4-yl)carbamate (29). The Weinreb amide
28 (1.31 g, 4.25 mmol) was dissolved in 10.6 mL THF and cooled to 0°C under argon.
Vinylmagnesium bromide (10.6 mL of 1M solution, 10.6 mmol) was added and the
reaction was allowed to warm up to room temperature and stir for three hours. The
solution was diluted with ethyl acetate and the organic layer was washed with 1M HCI,
and aqueous sodium bicarbonate. The organic layer was dried with magnesium sulfate,
filtered, and solvent was evaporated. The crude product was chromatographed on 25 x
100 mm silica gel eluting with 1:10 ethyl acetate-hexane to afford 950 mg (81.2%) of the

enone 29.
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'H-NMR (500 MHz, CDCl3): § 7.33-7.25 (m, 5H, aryl), 6.45 (dd, J=10.3, 17.1, 1H,
vinyl C2H), 6.39 (d, 2H, J=17.0, C1H trans), 5.87 (d, 2H, J=10.3, C1H cis), 5.50 (d, 1H,
J=8.02Hz, NH), 5.08 (s, CH, CBz), 4.27 (m, CHN), 1.71 (m, CH), 1.38 (dd, CH), 0.98 (d,
3H, J=6.87Hz, CH3CH), 0.90 (d, 3H, J=6.87Hz, CH;CH,); "C-NMR (125 MHz, CDCl;):
0 198.7 (ketone), 156.0 (CBz C=0), 135.6 (4° aryl C), 130.0 ( CH alkene), 128.4 (CH,
alkene), 128.4-127.9 (3 aryl), 66.8 (CH,CBz), 56.1 (CHN), 41.4 (CH, isobutyl), 24.7
(CH isobutyl), 23.2 (CHs), 21.7 (CH3); mass spectrum (ESI-MS) m/z (C16H22NOs)
calculated for (M+1) 276.1594, found 276.1600.

Benzyl ((2S)-4-methyl-1-(2-nitrocyclopropyl)-1-oxopentan-2-yl)carbamate
(30). To a solution of enone 29 (1.44 g, 5.24 mmol) in 10 mL acetonitrile set on ice was
added freshly ground potassium carbonate (867 mg, 6.28 mmol) and bromonitromethane
(438 pL, 6.28 mmol). The solution was allowed to warm to room temperature and stir
for six hours. At hour two and four, more bromonitromethane (438 pL, 6.28 mmol) was
added. The reaction was diluted with ethyl acetate and the organic layer was washed with
water and brine. The organic layer was dried with magnesium sulfate, filtered, and
solvent was evaporated. Purification by flash chromatography on silica gel afforded 1.3
g (74%) of the nitrocyclopropyl ketone 30. Exact mass spectrum (ESI-MS) m/z
(C17H2,N,0:5) calculated for (M+1) 335.1601. Found 335.1561.

The isomers were separated by HPLC with an initial solvent ratio of 70/30
hexane-ethyl (3.0 min), to 60/40 over 10.0 min. (hold for 5 min), to 55/45 over 6.0 min.,
holding for 2.0 min. for a total run time of 26.0 min with a flow rate of 2.0 mL/min.

Peaks integrated to a 1.8:1.0 ratio.
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Benzyl ((S)-4-methyl-1-((18,25)-2-nitrocyclopropyl)-1-oxopentan-2-
yl)carbamate (syn-30). RT = 13.6 min. [a]p = +250.2° "H-NMR (CDCls, 500 MHz): &
7.36-7.25 (m, 5H, aryl CH), 5.18 (d, J = 7.45, 1H, NH), 5.10 (s, 2H, CH,Cbz), 4.59-4.56
(m, 2H, C1H and C4H), 3.09 (m, 1H, C2H), 2.06, 1.71 (m, each 1H, CH,cpyl), 1.66-1.52
(m, 2H, CH,CH(CHj3),, 1.41 (m, 1H, CH,CH(CHj),, 1.00 (d, J = 6.3 Hz, 3H, (CH3), 0.96
(d, ] = 6.8Hz, 3H, CH3); °C-NMR (CDCl;, 125 MHz): & 204.0 (ketone C=0), 156.1
(Cbz C=0), 136.08 (4° aryl C), 128.70-128.27 (5 aryl C’s), 67.41 (CH,Cbz), 65.72 (C1),
59.44 (C4), 40.02 (CH,CH(CHs),, 28.63 (C2), 24.94 (CH(CH3),, 23.31 (CH3), 21.72

(CH3), 19.17 (CH; cpyl).

Benzyl ((S)-4-methyl-1-((1R,2R)-2-nitrocyclopropyl)-1-oxopentan-2-
yDcarbamate (anti-30). RT = 14.3 min. [a]p = +27.64°. "H-NMR (CDCls, 500 MHz): &
7.36-7.25 (m, 5H, aryl CH), 5.21 (d, 1H, NH), 5.10 (s, 2H, CH,Cbz), 4.55 (m, 2H, C1H
and C4H), 3.08 (m, 1H, C2H), 2.07, 1.73 (m, each 1H, CHscpyl), 1.66-1.52 (m, 2H,

CH,CH(CHs),, 1.42 (m, 1H, CH,CH(CHj),, 0.99 (d, J = 6.3 Hz, 3H, (CH), 0.95 (d, J =
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6.8Hz, 3H, CHs); '*C-NMR (CDCls, 125 MHz): & 204.0 (ketone C=0), 156.1 (Cbz
C=0), 136.08 (4° aryl C), 128.70-128.27 (5 aryl C’s), 67.41 (CH,Cbz), 65.72 (C1), 59.34
(C4), 39.93 (CH,CH(CHs),, 28.63 (C2), 24.94 (CH(CHs),, 23.31 (CHs), 21.72 (CHs),

19.17 (CH, cpyl).

Benzyl ((25)-1-(2-nitrocyclopropyl)-1-hydroxy-4-methylpentan-2-
yl)carbamate (31). To a solution of ketone 30 (203 mg, 0.61 mmol) in 17 mL of
methanol was added sodium borohydride (115 mg, 3.30 mmol) for three hours and then
poured into ethyl acetate and washed with water and brine. The organic layer was dried
over magnesium sulfate, filtered, and the solvent was evaporated. The crude product was
chromatographed on 25 x 100 mm silica gel eluting sequentially with 1:6, 1:3, and 1:1

ethyl acetate-hexane to afford 163 mg (80%) of the alcohol 31 as a mixture of isomers.

'H-NMR (CDCls, 400 MHz): 6 7.38-7.28 (m, 5H, aryl CH), 5.12 (s, 2H, CH,Cbz), 4.85
(d, J=5.92 Hz, 1H, NH), 3.82 (s, 1H, OH), 3.72-3.69 (m, 1H, C4H), 3.58-3.54 (m, 1H,
C2H), 2.07, 0.09 (s, 1H each, CH,cpyl), 1.72-1.65 (m, 1H, CH,CH(CH3),), 1.39-1.34 (m,
2H, CH,CH(CHa),), 0.96 (d, J = 6.52 Hz, 6H, (CH3),); >C-NMR (CDCl;, 125 MHz): &
157.77 (Cbz C=0), 136.01 (4° aryl C), 128.73-128.27 (5 aryl C’s), 77.36 (CHOH (C3))
71.43 (CH,Cbz), 67.57 (C1), 54.72 (C4), 39.36 (CH,CH(CHj3),, 26.41 (C2), 24.79
(CH(CHas)y), 23.45 (CH3), 21.68 (CHs3), 14.26 (CH; cpyl). Mass spectrum (ESI-MS) m/z
(C17H25N,0:5) calculated for (M+1) 337.1745. Found 337.1758.
(25)-2-Amino-4-methyl-1-(2-nitrocyclopropyl)pentan-1-ol (32). Method A:
To a solution of N-Cbz-1-leucine-alcohol 31 (34 mg, 0.101 mmol) in 5 mL of methanol

(HPLC grade) was added ammonium formate (160 mg, 2.53 mmol) and 10% palladium
g g p
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on carbon (30 mg). After stirring for five hours, the catalyst was filtered through Celite
and washed with methylene chloride and water. The organic layer was extracted with
water twice. The aqueous layer was lyophilized to afford the unstable mono-amine 32
(reduction of Cbz).

"H-NMR (CDCls, 400 MHz): & 5.34 (m, 2H, NH,), 4.12 (d, J = 19.32, 1H, C1H), 3.81 (s,
1H, OH), 3.74 (s, 1H, C3H), 3.43-3.38 (m, 1H, C4H), 3.08 (s, IH, C2H), 2.05, 1.93 (s,
each 1H, CHacpyl), 1.73-1.64 (m, 1H, CH,CH(CH3),), 1.40-1.32 (m, 2H, CH,CH(CHs),),
0.93-0.89 (m, 6H, (CHs’s)). Mass spectrum (ESI-MS) m/z (CoHsN,Os3) calculated for
(M+1) 203.1390. Found 203.1413.
(25)-2-Amino-4-methyl-1-(2-nitrocyclopropyl)pentan-1-ol (32). Method B:
To a solution of N-Cbz-1-leucine-alcohol 31 (122 mg, 0.363 mmol) in 25 mL ethyl
acetate was added a mass equal amount of 10% palladium on carbon. The solution was
set on the Parr shaker at 40 psi for 18 hours. The solution was filtered over Celite,
filtered again, and washed well with ethyl acetate. The solvent was evaporated to afford
70 mg (96%) of the mono-amine 32 (reduction of Cbz).
'H-NMR (CDCls, 400 MHz): & 5.34 (m, 2H, NH,), 4.12 (d, = 19.32, 1H, C1H), 3.81 (s,
1H, OH), 3.74 (s, 1H, C3H), 3.43-3.38 (m, 1H, C4H), 3.08 (s, 1H, C2H), 2.05, 1.93 (s,
each 1H, CHacpyl), 1.73-1.64 (m, 1H, CH,CH(CH3),), 1.40-1.32 (m, 2H, CH,CH(CHs),),
0.93-0.89 (m, 6H, (CHs’s)). Mass spectrum (ESI-MS) m/z (CoH3N,Os3) calculated for
(M+1) 203.1390. Found 203.1402.
N1-((2S)-1-hydroxy-4-methyl-1-(2-nitrocyclopropyl)pentan-2-yl)-N3, N3-

dipropylisophthalamide (34). To a solution of mono-amine 32 (70 mg, 0.347 mmol) in
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2 mL dichloromethane was added a solution of 3-(dipropylcarbamoyl)benzoic acid (104
mg, 0.416 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI, 80 mg, 0.416
mmol), hydroxybenzotriazole (HOBT, 56 mg, 0.416 mmol), and Et;N (58 uL, 0.416
mmol) in 1 mL dichloromethane. After stirring overnight, the solution was diluted with
dichloromethane. The organic layer was washed with water and dried over magnesium
sulfate, filtered, and the solvent was evaporated. Purification by flash chromatography
on silica gel afforded 44.4 mg (36%) of an undetermined coupling product 34.
"H-NMR (CDCls, 400 MHz): & 8.03-7.34 (m, 5H, aryl), 6.66 (d, J = 8.64, 1H, NH), 4.63
(d, J=4.8, 1H, OH), 3.45 (s, 2H, CH,propyIN), 3.13 (s, 2H, CH,propyl), 0.99-0.87 (dd, J
=6.52,] =6.2, 6H, (CHj),isobutyl). C-NMR (CDCI3, 125 MHz): & 165.07 (BACEC=0),
158.87 (amideC=0), 132.44-127.58 (4 aryl C’s), 66.7 (CH,N or CH,0).

N-((2S)-1-hydroxy-4-methyl-1-(2-nitrocyclopropyl)pentan-2-yl)benzamide
(35). To a solution of mono-amine 32 (40 mg, 0.198 mmol) in 2 mL dichloromethane
was added a solution of benzoic acid (29 mg, 0.238 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI, 46 mg, 0.238 mmol), hydroxybenzotriazole
(HOBT, 32 mg, 0.238 mmol), and Et;N (33 pL, 0.238 mmol) in 1 mL dichloromethane.
After stirring overnight, the solution was diluted with dichloromethane. The organic
layer was washed with water and dried over magnesium sulfate, filtered, and the solvent
was evaporated. Purification by flash chromatography on silica gel afforded 10 mg

(17%) of an undetermined coupling product 35.
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"H-NMR (CDCls, 400 MHz): & 8.10-7.44 (m, 5H, aryl), 6.28 (d, J = 6.68, 1H, NH), 4.63
(m, 1H, OH), 1.01-0.95 (m, 6H, (CHj3),isobutyl). C-NMR (CDCI3, 125 MHz): 6 158.87
(amideC=0), 132.44-127.58 (4 aryl C’s), 66.7 (CH2N or CH,0).

N-((2S)-1-hydroxy-4-methyl-1-(2-nitrocyclopropyl)pentan-2-yl)benzamide
(35). To a solution of mono-amine 32 (72 mg, 0.356 mmol) in 5 mL dichloromethane
was added benzoic acid (43.5 mg, 0.356 mmol), (1-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate
(COMU, 229 mg, 0.535 mmol), and diisopropylethylamine (DIEA, 93 pL, 0.535 mmol).
After stirring overnight, the solution was diluted with ethyl acetate. The organic layer
was washed with 1M HCI, brine, and saturated sodium bicarbonate. After dried over
magnesium sulfate and filtered, the solvent was evaporated. Purification by flash
chromatography on silica gel afforded 33 mg (30%) of an undetermined coupling product
35.
'H-NMR (CDCls, 400 MHz): & 8.12-7.43 (m, 5H, aryl), 6.29 (d, ] = 6.76, 1H, NH), 4.32
(m, 1H, OH), 1.01-0.95 (m, 6H, (CHj3),isobutyl). C-NMR (CDCI3, 125 MHz): § 158.87
(amideC=0), 132.44-127.58 (4 aryl C’s), 66.7 (CH,N or CH,0).

(285)-2-Amino-1-(2-aminocyclopropyl)-4-methylpentan-1-ol (36). To a
solution of N-Cbz-1-leucine-alcohol 31 (17 mg, 0.05 mmol) in 5 mL of methanol (HPLC
grade) was added ammonium formate (80 mg, 1.25 mmol) and 10% palladium on carbon
(30 mg). After stirring for 48 hours, the catalyst was filtered through Celite and washed
with methylene chloride. The organic layer was extracted with water twice. The aqueous

layer was lyophilized to afford the unstable di-amine 36.
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"H-NMR (D,0, 300 MHz): & 3.48 (dd, J = 3.45, 3.42, 1H, C1H), 3.36-3.29 (m, 1H, OH),
3.21-3.14 (m, 1H, C3H), 2.98 (dd, J = 6.51, 4.83, 1H, C4H), 2.57-2.47 (m, 1H, C2H),
1.6-1.2 (m, 2H, CH,CH(CH3),), 0.98 (m, 1H, CH,CH(CH3),), 0.89 (m, 2H, CH2 cpyl),
0.80-0.75 (dd, J =4.44, 5.16, 6H, CHs’s). Mass spectrum (ESI): 173 (M+H), 158 (M-
15).

(25)-2-Amino-1-(2-aminocyclopropyl)-4-methylpentan-1-ol (36). To a
solution of N-Cbz-l-leucine-alcohol 31 (30 mg, 0.089 mmol) in 5 mL methanol (HPLC
grade) was added a catalytic amount of “Raney” nickel, while being flushed with argon.
Under hydrogen gas at one atmosphere, the reaction was stirred, vigorously, for 18 hours.
The solution was filtered over Celite and washed well with 3:1 chloroform/isopropanol
solution. The solvent was evaporated to afford the unstable di-amine 36.

N-(2-((25)-2-acetamido-1-hydroxy-4-methylpentyl)cyclopropyl)acetamide
(37). To a solution of the di-amine 35 (17 mg, 0.093 mmol) in 1 mL of chloroform was
added acetic anhydride (88 pL, 0.93 mmol) and triethylamine (130 pL, 0.93 mmol).
After the reaction stirred for 18 hours, water was added and the product was extracted
using ethyl acetate. The organic layer was washed twice with water before being dried
with magnesium sulfate. The solvent was evaporated to afford the di-acetate 37.
'H-NMR (CDCl;s, 400 MHz): & 5.48 (d, J = 8.32 Hz, NH), 4.32-4.28 (m, 1H, C4H), 4.16-
4.02 (m, 3H, C1H, C2H, C3H), 2.23, 2.08, 2.06, 1.99 (4s, acetate CH3’s), 1.67-1.61 (m,

2H, CHacpyl), 1.44-1.27 (m, 3H, CH,CH), 0.96-0.93 (dd, J = 3.76, 3.64, 6H, CH;’s).
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CHAPTER III: RESULTS AND DISCUSSION

Using the cyclopropyl approach developed in the Dunlap laboratory (see Figure
19), five amino acids have been converted to the ethyl ester. This key intermediate was
used to form final compounds containing the known BACE side chain (Figure 26). From
the ethyl ester cyclopropyl, sodium borohydride was used for a ketone reduction followed
by hydrogenation to remove the Cbz-protecting group and coupling to the BACE side
chain to afford 38. After hydrolysis of the ethyl ester, the corresponding acid was
coupled to various amines in the laboratory to from the standard amide on the right side
of the compound 39. This synthesis has been carried forward with two amino acids,

phenyl alanine and leucine, which have been shown to exhibit some bioactivity for

inhibition of BACE.
1. NaBH,
2. Hy, Pd/C
o Ri 0 3. BACE acid w
Z\HWOB
(@]

R4= isobutyl, phenyl

1. LIOH
2 ReNH, W w

Figure 26: Ester series amide synthesis
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To further investigate the BACE inhibition activity of these compounds, the
nitrocyclopropanation was developed to form the “reverse” amide, with the nitrogen
bonded to the cyclopropyl ring rather than the carbonyl. = As seen in Figure 21,
commercially available Cbz-protected leucine was used to form the terminal enone from

the Weinreb amide, which was then subjected to nitrocyclopropanation and ketone

reduction to form the key intermediate in the synthesis.

O

o)
NaBH,
)(N NO, _ o4 XN NH,
/ NiCl
Cbz O 4 2 CbZ OH
><O NaBH, o
N NO, o4 )(N NH,
/ CusO
Cbz OH 42 usQy Cbz/ OH “
)(O Hy, P/C o
2y
N NGO, = ~~ , ><N NH,
Cbz OH 42 low pressure, 1-4 hrs Cbz/ OH

LY

Figure 27: Previous nitro reduction attempts on serine series

Reduction of the nitro group is needed in order to form the “reverse” amide.
Previous attempts had been made using the nitrocyclopropyl from the serine series.
Nitrocyclopropyl ketone 40 was reacted with sodium borohydride and nickel chloride in

an attempt to reduce both the alcohol and nitro groups at the same time to form the amino
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alcohol 41 (Figure 27). The reaction was unsuccessful, and resulted in decomposition of
starting material. The ketone in 40 was reduced successfully with sodium borohydride to
form the nitrocyclopropyl alcohol 42. An attempt to reduce the nitro group using copper
sulfate and sodium borohydride again resulted in decomposed starting material. Since
standard hydrogenation conditions to remove the Cbz protecting group were 35psi for 18
hours, therefore low pressure conditions were tried for only a few hours. These

hydrogenation reactions on 42 yielded only starting material.

HCO,NH,*, Pd/C

Cbz. NO, >  Cbz. NH,
N MeOH N
OH 31 OH 43

Figure 28: Transfer hydrogenation desired reaction

According to reports in the literature, an aliphatic nitro compound can be reduced

rapidly using ammonium formate as a catalytic transfer hydrogenation a,g,ren‘[.126'128

Using
palladium on carbon and five equivalents of ammonium formate in methanol, the nitro
group was expected to be reduced in ten minutes (Figure 28). Transfer hydrogenation
attempts are summarized in Table 1. At first attempt there was only unreacted starting

material 31 one and a half hours into the reaction. After increasing the amount of

ammonium formate to 25 equivalents and letting the reaction stir for three hours, only



44
undesired product was found in the organic layer. Another attempt was made to heat the
reaction to 50°C for 30 minutes, which also proved to be unsuccessful in synthesizing the

desired product 43.

Table 1: Transfer hydrogenation reaction results

Ammonium Formate Reaction Result
Equivalents

5 1.5 Starting material only
25 3 Undesired product
25 0.5 (50°C) No product
25 18 (reflux) No product
25 48 36
25 5 32

Simultaneously, one reaction was heated at reflux and the other at room
temperature overnight. However, at room temperature, after 48 hours, an
aminocyclopropane was identified. Since an undesired product had been found
previously in the organic layer, the aqueous layer was lyophilized for characterization.
From further review of the NMR and exact mass data, it was determined that both the
nitro and the Cbz-protecting group had been reduced to form the di-amine 36. Knowing
that the transfer hydrogenation reduced the Cbz protecting group, the reaction was

repeated for a shorter time. After analyzing the aqueous layer after transfer
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hydrogenation of 31 for five hours, it was found that deprotection occurs before the nitro
reduction, forming the mono-amine-nitro 32.

Removal of the Cbz-protecting group to form the mono-amine-nitro 32 can be
carried out by two methods. Transfer hydrogenation using ammonium formate and
palladium on carbon for five hours (method A) and hydrogenation at 40 psi for 18 hours
(method B) both provide the mono-amine 32. A transfer hydrogenation for 48 hours or
“Raney” nickel reduction for 18 hours forms the di-amine 36. Stability of the di-amine
was uncertain so an acetylation reaction was used to convert the di-amine to the di-
acetate 37 for characterization. These conditions allow for selective reduction of the “left
side” of the molecule.

Since removal of the Cbz-protecting group preceded nitro reduction, the mono-
amine-nitro 32 was used to couple to a known BACE side chain 33 to form the BACE-
nitro 34 (Figure 23). This compound was then intended to be subjected to nitro reduction
to form the “reverse” amides. Using conditions previously proven successful in the
Dunlap laboratory on the ester series, an initial attempt to couple the BACE side chain 33
to the mono-amine-nitro 32 with EDCI and HOBT was attempted. However, the major
product was not the desired amide 34. In the 'H NMR, key signals were present including
the isobutyl, aryl and N-dipropyl side chains. However, a downfield shift in cyclopropyl
signals and a new CH, signal seen in the C NMR, either next to an oxygen or nitrogen,
gave suspicions that cyclopropyl ring may have opened.

To eliminate the possibility that the BACE side chain 33 had decomposed by

storage over time, the same coupling conditions were used with benzoic acid, instead of
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33, as a model system to attempt to form the benzoic amide 35 (Figure 24). As with the
previous coupling attempt, the exact mass spectrum was not a match, and the '"H NMR
showed key side chain signals present yet a downfield shift in cyclopropyl signals and a
new CH, signal on °C NMR. Due to these results, it is proposed that a nucleophile has
opened the cyclopropyl ring, which would explain the new CH,N signal and the
downfield shift in the cyclopropyl signals (Figure 29). However, the nucleophile is as yet
unidentified, and is not simply the benzoate, based on analysis of the mass spectrum and
NMR data.
In response to the failed coupling reactions, a different coupling reagent was used.
A coupling attempt using COMU and DIEA to form the benzoic amide 35 afforded very
similar results to the EDCI and HOBT coupling reaction. Key '"H NMR signals are
present including the leucine isobutyl, amide and alcohol protons. The cyclopropyl 'H
NMR signals are missing and a new CH,;N or CH,O signal is present as indicated by the
*C NMR, the same result as with the EDCI coupling. A likely explanation could be that
an unknown nucleophile is opening up the cyclopropyl ring, which could result in the

new CH,N and cause the mass to increase as shown in Figure 29.

0 '/\ 0 Nu

NO Nu
Nag 2 —— ” NO,
OH OH

35

Iz

Figure 29: Nucleophile attack on cyclopropyl ring
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CHAPTER IV: CONCLUSIONS

Previous research in the lab had shown bioactivity for BACE inhibition in amides
derived from the ester series, with the carbonyl of the amide adjacent to the cyclopropyl
ring. The goal of this research was extend the series and to synthesize the counterpart
“reverse” amides, with the nitrogen of the amide adjacent to the cyclopropyl ring. A key
step in the synthesis was the incorporation of a nitro group beside the cyclopropyl ring to
provide a handle for formation of the “reverse” amide. Nitrocyclopropanation is a method
developed in the Dunalp laboratory using bromonitromethane to synthesize a cyclopropyl
from a terminal amino-acid derived enone, providing a nitro group next to the ring as a
precursor to an amine.

After synthesis of the cyclopropyl was complete, reduction of the nitro group was
essential to form the “reverse” amide. Transfer hydrogenation using ammonium formate
was found to reduce the nitro after removal of the Cbz-protecting group. Since the mono-
amine-nitro 32 was synthesized first, attempts were made to couple the amine to a known
BACE side chain, N-dipropyl isophthalamide. Conditions already established in the
Dunlap laboratory in the ester series, proved to be unsuccessful in the nitro series. An
unexpected product is formed by what may be nucleophilic opening of the cyclopropyl
ring, based on missing cyclopropyl signals in the 'H NMR and a new CH;N signal in the
3C NMR. A similar result was seen even when coupling conditions were changed.

Further examination of the coupling conditions needs to be done in order

to attach the BACE side chain to the core structure. The cyclopropyl ring is a key
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conformational constraint in the products. Once the desired coupling product is
synthesized, two steps remain reduction of the nitro group and coupling to various acids,

to afford the reverse amides analogous to previously prepared amides.
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Benzyl ((S)-4-methyl-1-((15,25)-2-nitrocyclopropyl)-1-oxopentan-2-yl)carbamate
(syn-30)

-NMR
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Benzyl ((S)-4-methyl-1-((1R,2R)-2-nitrocyclopropyl)-1-oxopentan-2-yl)carbamate

(anti-30)

-NMR
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Benzyl ((25)-1-(2-nitrocyclopropyl)-1-hydroxy-4-methylpentan-2-yl)carbamate 31

o/mN NO,
H o oH
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(285)-2-amino-4-methyl-1-(2-nitrocyclopropyl)pentan-1-ol (32)

NO
H,N 2

OH

-NMR
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N1-((2S)-1-hydroxy-4-methyl-1-(2-nitrocyclopropyl)pentan-2-yl)-N3,N3-

dipropylisophthalamide (34)

\/\N N02
OH

_/
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N-((2S)-1-hydroxy-4-methyl-1-(2-nitrocyclopropyl)pentan-2-yl)benzamide (35)

NO,

Iz

OH

-NMR
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(285)-2-amino-1-(2-aminocyclopropyl)-4-methylpentan-1-ol (36)

NH
H,N 2

OH

-NMR
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N-(2-((28)-2-acetamido-1-hydroxy-4-methylpentyl)cyclopropyl)acetamide (37)

ZT

:<

PR

OH O

-NMR

79



80

-~

BE'S

%
%

OCoOOoOHKEHM
WWoWLNWWW
MUl B R
W WU RO
oONEBE®DO®

LPSE'T
ST9E°T

8ELE"T

TEBE'T
ZTIP"T

8619°T
SSES°T
BISS"T

8899°T

6Z89°T

BEGE'T
Tv00° T
Z800°T

8ved-z

1560°¢
Z660°2

\
7

zozTo'y

66ZT0° ¥

ELYO" D

T8S0°P

PS60° P

P80T' P

6TTT ¥

POET" ¥

9zZezZ'y

STOE"?

781P°S

to )

ZH 0670 1
z ass
Bk

ZHA 0Q000ET 00¥% a8
40 ZOW
¥Z0T 15

sxajsumaed Burssacoad - 14

00°T od

o a9

ZH 0E'0 A7
] ass

WA wam
ZHAW DOO00ET 00F as
B9LTE 1s
siezaueind Burssedoid - £d
oUPATIUY-0UdE HOOWUA
wdd LTOCET s
ZH S0SELTT 0T STHATA
ZHW ZET'00F 1048
[45] an
51333WeTed UOTITSTADOY - 1d
ZHW LODOZET 0OF 1048
#p 05'€- Id
sasn 098 Td

238N 00096 #a
82T o
095 07L8GPT'E o
ZH 9¥6851°0 SAHATA
ZH £6£°BOZS HHS
[ sa

o1 SN
£1002 IHANTOS
BILEE an
0£bZ 20HA'ING
/HT IHEYd WW S  QHEOHd
Joeds W LSHT
S0°0T UL
6EB0ETOZ ~aa%a
s1s3auRIREg UOTITSTNbOY - 2d
T ONDOHd

T ONdXE
2IndgT-6-£ZTSH TAVN

s183WRIRg BIRQ JUSIIND

s

09LZ L
E€98BE"L
906Z°L



