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Synthesis and mechanistic studies on the monoamine oxidase
(MAO) catalyzed oxidation of 1,4-disubstituted-1,2,3,6-
tetrahydropyridines

JanYu
(ABSTRACT)

The parkinsonian inducing drug 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) is bioactivated in a reaction catalyzed by the flavoenzyme monoamine oxidase B
(MAO-B) to form the corresponding dihydropyridinium (MPDP") subsequently pyridinium
(MPP") metabolites.

As part of our ongoing studies to characterize the structural features responsible for
this unexpected biotransformation, we have synthesized and examined the MAO-B
substrate properties of avariety of MPTP analogs bearing various heteroaryl groups a the
4-position of the tetrahydropyridinyl ring. The results of these SAR studies indicate that
electronic features, steric features and polar interactions can contribute to the substrate
activities.

Additionally, isotope effects have been examined to investigate the mechanism and
stereoselectivity of the MAO-B catalytic pathway. The synthesis and characterization of
regio and stereoselectively deuterated MPTP analogs have been achieved. The results
indicate that the cataytic step occurs exclusively a the dlylic C-6 position and is rate-
determining for both good and poor substrates. The two enantiomers of MPTP bearing a
deuterium atom at C-6 have been prepared via chira aminooxazolinyl derivatives and have

been characterized by ’H NMR in a chira liquid crystal matrix. These enantiomers were
used to determine the selectivity of the MAO-B catdyzed a C-H bond cleavage reaction
leading to the dihydropyridinium metabolite MPDP".

Some of the cyclopropyl analogs of MPTP have also been synthesized as the
potential inhibitors.
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Chapter 1. Historical background

1.1. Enzyme
1.1.1. Enzymes and coenzymes

A. General aspects

Enzymes are proteins that function as catalysts for biological reactions. A catayst
is a substance that accelerates a chemical reaction without itself undergoing any net change.
The types of chemicd reactions that can be catalyzed by proteins alone are limited by the
chemical properties of the functional groups found in the side chains of nine amino acids:*
the imidazole ring of histidine, the carboxyl groups of glutamate and aspartate, the
hydroxyl groups of serine, threonine, and tyrosine, the amino group of lysine, the
guanidinium group of arginine, and the sulfhydryl group of cysteine. These groups can act
as generd acids and bases in catalyzing proton transfers and as nucleophilic catalysts in
group transfer reactions.

However, many metabolic reactions involve chemical changes that cannot be
brought about by the structures of the amino acid side chain functional groups in enzymes
acting by themselves. In catalyzing these reactions, enzymes must act in coorperation with
coenzymes which are smaller organic molecules or metalic cations and possess special
chemical reactivities or structure properties that are useful for catalyzing reactions. Most
coenzymes are derivatives of the water-soluble vitamins, but a few, such as hemes, lipoic
acid, and iron-sulfur clusters, are biosynthesized in the body. Each coenzyme plays a
unique chemical role in the enzymatic processes of living cells.

The two important characteristics of enzyme catalysis are the selectivity and rate
acceleration.

It has been recognized that an enzyme has three levels of selectivity: structura
selectivity, regioselectivity, and stereoselectivity. An enzyme must first recognize some
common structural features present on a substrate (and coenzyme) to produce catalysis.
Second, catalysis must occur at a specific region on the substrate (or the coenzyme ) and
the stereochemical outcome must be controlled by the enzyme.

The function of a catalyst is to provide a new reaction pathway in which the rate-
determining step has a lower energy of activation than the rate-determining step of the



uncatalyzed reaction. An enzyme has many ways to invoke catalysis, for example, by
destabilization of the enzyme substrate complex, by stabilization of the transition states and

by destabilization of intermediates. Consequently, multiple steps, each having small AG*

values, may beinvolved. Thisisresponsible for the rate acceleration that results.

B. Flavin coenzymes

Flavin coenzymes act as co-catalysts with enzymes in a large number of redox
reactions, many of which involve O,.> Flavin adenine dinuclectide (FAD) and flavin
mononucleotide (FMN) are the coenzymaticaly active forms of vitamine B, riboflavin
(Figure 1).

NH,
OH OH
oo < 1
3 50,1 0,1 0O N =
1' 2' 4 ﬁ ﬁ N
O
(@] 0]
CH3.8 : H
OH OH
/4a NH3
riboﬂavm vitamin B

Y Y

\ FMN AMP J
e

FAD

Figure 1. Structures of the Vitamin Riboflavin and the Derived Flavin Coenzymes

Riboflavin is the N*-ribitylisoalloxazine portion of FAD, which is enzymaticaly
converted into its coenzymatic forms first by phosphorylation of the ribityl C-5' hydroxy
group to FMN and then by adenlylation to FAD. FMN and FAD are functionaly
equivalent coenzymes and the one that is involved with a given enzyme appears to be a
matter of enzymatic binding specificity.



The catalytically functional portion of the coenzymes is the isoaloxazine ring,
specifically the N-5 and C-4a positions, which is thought to be the immediate locus of
catalytic function. Even so, the entire chromophoric system extending over N-5, C-4a, C-
10a, N-1, and C-2 should be regarded as an indivisible catalytic entity.

The flavin coenzymes exist in four spectraly distinguishable oxidation states that
account in part for their catalytic functions (Scheme 1).! They are the yellow oxidized
form, the red or blue one-electron reduced form, and the colorless two-electron reduced
form.
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Hag NN CHg N
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Scheme 1. Oxidation States of Flavin Coenzymes
1.1.2. Kinetics of enzyme-catalyzed reactions

A. Enzyme-catalyzed reactions

Enzymes have localized catalytic sites. The substrate (S) binds at the active site to
form an enzyme-substrate complex (ES). Subsequent steps transform the bound substrate
into product and regenerate the free enzyme E (Scheme 2).
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Scheme 2. Enzyme-catalyzed Reaction

The overall speed of the reaction depends on the concentration of ES. Based on the
steady-state kinetics analysis assumption, shortly after the enzyme and substrate are mixed,

[ES] becomes approximately constant and remains so for a period of time, that is the steady
state. Therate (v) of the reaction in the steady state usually has a hyperbolic dependence on

the substrate concentration. It isproportional to[S] at low concentrations but approaches a

maximum (V) when the enzyme s fully occupied with substrate (Figure 2).

Vmax

Km [S]

Figure 2. The Reaction Velocity v as a Function of the Substrate Concentration [S] for
an Enzyme-catalyzed Reaction

V .o the maxium velocity, is obtained when &l the enzyme is in the form of the
enzyme-substrate complex. K, the Michaglis constant, is the substrate concentration &
which the velocity is haf maxima. If ES is in equilibrium with the free enzyme E and
substrate S, K, is equal to the dissociation constant for the complex (K,). More generaly,
K., depends on at least three rate constants and is larger than K. K, the turn over number,



isthe maximum number of molecules of substrate converted to product per active Site per
unit time and is V,, divided by the total enzyme concentration. k_/K,, the specificity
constant, provides a measure of how rapidly an enzyme can work a low substrate
concentration [§]. Itisuseful for comparing the relative abilities of different compounds to
serve as substrates for the same enzyme. The bigger this number, the better the substrate.

B. The measurement of the kinetic parameters

Kinetic parameters are determined by measuring the initia reaction velocity as a
function of the substrate concentration. The usua procedure for measuring the rate of an
enzymatic reaction isto mix enzyme with substrate and observe the formation of product or
disappearance of substrate as soon as possible after mixing, that is when the substrate
concentration is still close to its initial value and the product concentration is small. The
measurements usually are repeated over arange of substrate concentrationsto map out how
theinitia rate depends on concentration. K and V,  often can be obtained from a plot of

v versus U[S] (Figure 3). Spectrophotometric techniques are commonly used in such

experiments to measure the concentration of a substrate or product continuoudly as a
function of time.

v Slope = Ky / Vinax

Figure 3. The Lineweaver-Burk Double-reciprocal Plot



1.1.3. The mechanisms of enzyme catalysis

Severd factors are considered when attempting to describe the mechanism by which
an enzyme catalyzes aparticular reaction. Among them, the most common factors are: (1)
the proximity effect, (2) electrostatic effect, (3) general-acid and general-base catalysis, (4)
nucleophilic or eectrophilic catalysis by enzymatic functiona groups, and (5) structura
flexibility.

The proximity effect is due simply to differences between the entropic changes that
accompany the inter- and intramolecular reactions. Enzymes that catalyze intermolecular
reactions take advantage of the proximity effect by binding the reactants close together in
the active Site so the reactive groups are oriented appropriately for the reaction. Once the
substrates are fixed in this way, the subsequent reaction behaves kinetically like an
intramolecular process. The decrease in entropy associated with the formation of the
transition state has been moved to an earlier step, the binding of the substrate to form the
enzyme-substrate complex. This step often is driven by a decrease in enthalpy associated
with electrostatic interactions between polar or charged groups of the substrates and
enzyme.

Electrostatic interactions can promote the formation of the transition state. Charged,
polar, or polarizable groups of the enzyme are positioned to favor the redistribution of
electrical charges that occur as the substrate evolves into the trangition state.  The energy
difference between the initid State and the transition state thus depends critically on the
details of the protein structure.

General-base and general-acid catalysis provide ways of avoiding the need for
extremely high or low pH. The task of a catalyst is to make a potentiadly reactive group
more reactive by increasing its intrinsic electrophilic or nucleophilic character. In many
cases the simplest way to do thisisto add or remove a proton.

Enzymatic functional groups provide nucleophilic and electrophilic catalysis. The
basic feature of the nucleophilic and eectrophilic catalysis is the formation of an
intermediate state in which the substrate is covalently attached to a nucleophilic group on
the enzyme.

Structural flexibility can increase the selectivity of enzymes by ensuring that
substrates bind or react in an obligatory order and by sequestering bound substrates in
pockets that are protected from the solvent.



1.1.4. Enzyme inhibition

A. Forms of enzyme inhibition

Enzymes can be inhibited by agents that interfere with the binding of substrate or
with conversion of the ES complex into products. There are two kinds of inhibitors:
reversible and irreversible inhibitors.

Reversible inhibition involves no covalent interactions. Reversible inhibitors
include competitive, noncompetitive, and uncompetitive inhibitors. A competitive inhibitor
competes with substrate for binding at the active site.  Consequently, a sufficiently high
concentration of substrate can diminate the effect of a competitive inhibitor.
Noncompetitive inhibitors bind at a separate site and block the reaction regardless of
whether the active site is occupied by substrate. A noncompetitive inhibitor decreases the
maximum velocity of an enzymatic reaction without affecting the K. This inhibitor
removes a certain fraction of the enzyme from operation, no matter the concentration of the
substrate. An uncompetitive inhibitor binds to the ES complex but not to the free enzyme.
These three forms of inhibition are distinguishable by measuring the rate as a function of
the concentrations of the substrate and inhibitor.

Irreversible inhibitors (inactivators) are compounds that produce irreversible
inhibition of the enzyme. They often provide information on the active site by forming
covaently linked complexes that can be characterized.

B. Mechanism-based inactivation

(1) The kinetics of mechanism-based inactivation

A mechanism-based inactivator is an inactive compound whose structure resembles
that of either the substrate or product of the target enzyme and which undergoes a cataytic
transformation by the enzyme to a species that, prior to release from the active site,
inactivates the enzyme. *

The basic kinetics are described in Scheme 3. A mechanism-based inactivator (1)
requires astep to convert the compound to the inactivating species (k,). This step, which
generdly is responsible for the observed time dependence of the enzyme inactivation,

usually isirreversible and forms anew complex E™ | which can have three fates. (1) if Eel’



is not reactive, but forms atight complex with the enzyme, then the inactivation may be the
result of anoncovalent tight-binding complex Ee1'; (2) if the | is a reactive species, then a
nucleophilic, electrophilic, or radical reaction with the enzyme may ensure (k,) to give the
covalent complex E«I"; and (3) the species generated could be released from the enzyme as
aproduct (k).

I<on k2

El —— EI' —%—~ EI"

E+1

koff
k3

E+1I
Figure 3. The Lineweaver-Burk Double-reciprocal Plot

Based on this mechanism, the two principa kinetic constants that are useful in
describing mechanism-based enzyme inactivatorsk;.., and K; are obtained. k., represents
the inactivation rate constant at infinite concentrations of inactivator. When k, is rate
determining and k; is 0, k.. = K,. K, represents the dissociation constants for the
breakdown of the EI complex when k,, and k ; are very large.

Kt = K (K + Ky + k) ()

inact

Ki= [Ckot + ko) Tkl (ks + k) [ (K + ks + k)] (2)

The ratio of product release to inactivation is the partition ratio and represents the
efficiency of the mechanism-based enzyme inactivator. When inactivation is the result of
the formation of a covalent bound adduct, the partition ratio is described by k/k,.

(2) The experimental criteria for mechanism-based inactivation
The major experimental criteria establisned for the characterization of mechanism-
based inactivators are as follows:



(& There is a time-dependent loss of enzyme activity. Because following a rapid
equilibrium of the formation of the EI complex, there is a slower reaction that converts the
inactivator to aform that actualy inactivates the enzyme (k).

(b) Saturation kinetics are observed. The rate of inactivation is proportional to the
concentration of the inactivator until sufficient inactivator is added to saturate al of the
enzyme molecules.

(3) Addition of a substrate or competitive reversible inhibitor slows down the rate of
enzyme inactivation. Because mechanism-based inactivators act as modified substrates,
they compete with other substrates for the target enzymes and bind to the active site.

(4) Didysis or gd filtration does not restore enzyme activity, i.e., mechanism-based
inactivators form stable covalent adducts.

(5) A 1.1 doichiometry of radio-labeled inactivator to active site usually results after
inactivation followed by dialysis or gd filtration. Because mechanism-based inactivators
require the catalytic machinery at the active site of the enzyme to convert them to the form
that inactivates the enzyme, at most one inactivator molecule should be attached per enzyme
active site.

(3) The uses of mechanism-based enzyme inactivators

There are two principa areas where mechanism-based enzyme inactivators have
been most useful: (1) in the study of enzyme mechanisms and (2) in the design of new
potential drugs.

M echanism-based inactivators are modified substrates for the target enzymes. Once
inside the active ste of the enzymes, they are converted to products that inactivate the
enzyme by the cataytic mechanism for the norma substrates. Therefore, whatever
information can be obtained regarding the inactivation mechanism is directly related to the
catalytic mechanism of the enzyme.”

A mechanism-based inactivator could have the desirable drug properties of
specificity and low toxicity if the nonspecific reactions with other biomolecules is limited
and the partition ratio is smal. Since mechanism-based inactivators are unreactive
compounds, there are usually no nonspecific reactions with other biomolecules. Only
enzymesthat are capable of catalyzing the conversion of these compounds to the form that
inactivates the enzyme, and enzymes that have an appropriately positioned active site group
to form a covalent bond, would be susceptible to inactivation.®



1.2. Monoamine oxidase (MAQO)

1.2.1. Compositions and locations

Monoamine oxidase (MAO, EC 1.4.3.4) is a flavin-adnosine-dinuclectide (FAD)
containing enzyme located on the outer mitochondrid membrane® It exists in two
functiona isozymic forms, termed MAO-A and MAO-B, which have 70% sequence
identity as deduced from their cDNA clones.” These two forms of the enzyme can be
distinguished by differences in substrate preference, inhibitor specificity, tissue
distribution, immunological properties, and amino acid sequences.® The active forms of
the enzymes are homodimers with subunit molecular weights, determined from their cDNA
structure, of 59,700 and 58,800, respectively. The genes for both MAC-A and MAO-B
have very similar structures; both consist of 15 exons and exhibit identical exon-intron
organization, suggesting that MAO-A and MAO-B are derived from duplication of a
common ancestral gene.® By consensus, the sdlective substrate of the A form is the
serotonin (5-HT, 1) and it can be selectively inhibited by clorgyline (2); that of the B form
is p-phenylethylamine (PEA, 3) and it can be inhibited by (R)-deprenyl (4) (Figure 4).°
Selective inhibitors of MAO-A exhibit antidepressent activities™® whereas MAO-B
inhibitors exibit antiparkinsonian activities.™*
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Figure 4. The Selective Substrates and Inhibitors of MAO

The active Site of MAO consists of the FAD residue that is covaently bound to an
identical cysteinyl-pentapeptide fragment [Ser-Gly-Gly-(cys-FAD)-Tyr] via a C-8alinkage
in both forms of the enzymes (Figure 5)."*** Nine cysteines were found in the deduced
amino acid sequences of both human liver MAG-A and MAO-B. Each cysteine residue of
MAO-A and MAO-B was mutated to a serine residue, and it was found that, in addition to
the FAD binding site (Cys-406 in MAO-A and Cys-397 in MAO-B), Cys-374 plays an

important role in the cataytic activity of MAO-A, whereas Cys-156 and Cys-365 are
important for MAO-B activity.™
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Figure 5. Monoamine Oxidase

1.2.2. Functions

The monoamine oxidases catayze the oxidative deamination of various biogenic
amines, such as neurotransmitters, to the corresponding imines which are nonenzymatically
hydrolyzed to aldehydes.® The cofactor FAD actively participates in the enzyme reaction.
The process involves three steps that are the same for both enzymes (Scheme 4):

RCH,NH, + E-FAD —FADreduction - pepioNy + E-FADH,

5 6
Deamination
RCH=NH + H,O > RCHO + NHj4
6 7 8 9
E-FADH, + O, FAD reoxidation . £ cap 4+ H,0,
10 11

Scheme 4. The Oxidative Deamination of Amines Catalyzed by MAO

12



The enzymatic reaction requires molecular oxygen and produces aldehyde and
hydrogen peroxide. The consequences are that, under hypoxic conditions, the activity of
the enzyme will decrease or, conversely, increased enzyme activity may cause higher
oxygen consumption or local hypoxia. The aldehyde product will be rapidly reduced either
to an acohol or oxidized to a carboxylic acid by adehyde reductase or dehydrogenase,
respectively. For example, it has been hypothesized that in different pathological stages
under particular circumstances, dopamine turnover in the basal ganglia of the brain will be
increased resulting in an excessive formation of hydrogen peroxide. This might lead to the
production of a cytotoxic hydroxyl radical (-OH) and could impose oxidative stress on
neurons, causing local cell death.’

MAO catalyzes the oxidative deamination of biogenic aminesand, in thisway, has a
role in their biologica inactivation in vivo. The inhibition of MAO-A results in increased
brain levels of the biogenic amines including noradrenaline (12) and serotonin (1) which
may be pathologically low in depression. The sdective inhibition of the B form
preferentially decreases the deamination of dopamine (13). This makes it a useful drug in
the treatment of Parkinson's disease because the dopamine level of the parkinsonian human
brain basal gangliais dramatically decreased.®

H OH
NH
HO Nz HO 2
OH OH
Noradrenaline (12) Dopamine (13)

1.2.3. The detailed mechanisms of the enzyme-catalyzed
oxidation

The precise mechanism of this biotransformation has been described by three
pathways: (1) single electron transfer (SET) pathway, (2) hydrogen atom transfer (HAT)
pathway, and (3) nucleophilic (polar) pathway.
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A. The SET pathway

(1) The proposed SET pathway

The generaly accepted mechanism for the MAO catalyzed a-carbon oxidation of
amines according to Silverman® proceed via an initid single electron transfer step (Scheme
5) from the nitrogen lone pair of the substrate 14 to the oxidized flavin FAD to generate an

aminyl radical cation, 15, and the flavin semiquinone FAD ~. a-Carbon deprotonation of
15 yields the a-amino radical 16 (pathway a) which can ether transfer the second electron
to the semiquinone to give the reduced flavin FADH" or undergo radical combination with
an active siteradical (pathway c) to give a covalent adduct 17, which should decompose by
B-dlemiantion to give the iminium ion 18. An dternative pathway to proton transfer

(pathway a) followed by electron transfer (pathway b), is hydrogen atom transfer (pathway
d), which bypasses the a-amino radical intermediate 16.

FADH® FADH,
He
H* d HY
FAD  FADHe H* FADHe FADH,

L) “+e . L] +
RCH,NH; N/ RCH,NH; s RCHNH2¥> RCH=NH,
14 15 16 18
4 - "
Xe | ¢ | X

(Xr
RCH-NH,
17

Scheme 5. The Proposed SET Oxidation Pathways for MAO Catalysis

The proposed fate of FAD during the catalytic reaction is indicated in Scheme 6.
The oxidized form FAD accepts an eectron from the amine substrate to form the semi-

reduced radical anion FAD". A second electron transfer and protonation converts the FAD"
to the reduced flavinion FADH". Finally protonation of FADH" yields FADH,
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Scheme 6. The Reduction of the Flavin

Silverman and coworkers have provided evidence for the initia electron transfer
step, the proton/electron and hydrogen atom transfer step and covalent pathway.

(2) Evidence for the initial electron transfer

Because no evidence for radica intermediates were found by EPR spectroscopy
during substrate turnover’® and stopped-flow kinetics experiments failed to provide
evidence for a flavin semiquinone intermediate,” it is assumed that the potential radical
intermediates are very short-lived, a low concentration, or spin paried with another
radical.®**° In support of the MAO-B SET pathway is a series of chemica studies using
mechani sm-based inactivators, such as cyclopropylamine and cyclobutylamine derivatives.

The selection of cyclopropyl mechanism-based inactivator analogs was based on the
laser flash photolysis work of Maeda and Ingold.*® In their studies, it was found that
secondary aminyl radicals could be generated and observed by low-temperature EPR
spectroscopy. When the corresponding cyclopropylaminyl radical 20 was generated from
19 by the same method, it could not be observed. Instead, the ring-cleaved primary radical
product 21 was detected (Scheme 7). The rate of cyclopropyl ring opening was too fast to
measure and was estimated a > 5 x 10® s*. This diversion of the normal chemistry
provides a potential way for the molecules to form the attachement to the enzyme.
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Therefore, the isolation and structure identification of the reaction products are expected to
shed light on the mechanism of this reaction.

e
H H H
19 20 21

Scheme 7. The Ring Opening of the Cyclopropylamines

Many cyclopropylamine-containing substrate analogs were synthesized as potentia
mechanism-based inactivators and were studied as substrates for MAO."*" With the use of
[phenyl-14C]-22 it was shown that this compound becomes attached to MAO in a 1:1
stoichiometry either a the flavin or a an active site cysteine residue (Scheme 8).° The
product of attachment at the flavin was stable, but the cysteinyl residue adduct was not.
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Scheme 8. Proposed MAO Inactivation Pathways for 22

Based on the proposed mechanism shown in Scheme 5, inactivation could arise
from the activation of the cyclopropyl ring 22 by the proposed norma catalytic mechanism
to give areactive primary radical 23, which could react either with the flavin semiquinone
(pathway a), leading to adduct 26, or with an amino acid radical (pathway b) to give 27.
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A Retro-Michadl reaction would cleave the inactivator from the enzyme to yied
acrylophenone (31) and active enzyme. The structure of 26 was determined by carrying

out three agueous-based organic reactions. Treatment of 26 with sodium [*H]borohydride

led to the incorporation of 1 equivaent of tritium into the inactivated enzymethat did not go
into native enzyme, indicating the presence of a ketone (or imine) moiety. Baeyer-Villiger
oxidation with trifluoroperoxyacetic acid (to give phenyl ether) followed by saponification
with sodium hydroxide released dl of the radioactivity from the enzyme as [4C]phenal,
indicating a phenyl ketone moiety. Finally, incubation of labeled enzyme with 0.5 M
sodium hydroxide released the radioactivity as acrylophenone, indicating enolization of 26
followed by B-elimination of the flavin. Attatchment to the flavin was demonstrated by first
showing spectrophotometrically that the flavin wasin a reduced state and then carrying out
aproteolytic digestion of the labeled enzyme and showing by gel filtration chromatography
that the radioactivity release paralled the change in the flavin absorption.

The flavin spectrum indicated that it was oxidized in adduct 28, suggesting that this
adduct was not attached to the flavin. When the treatment of the radioactively-labelled and
sodium borohydride reduced amino acid adduct 28 with Raney nickel, a reagent known to
reduce C-S bonds exclusively,®? the only radioactive product isolated was transp -
methylstyrene (30). This was confirmed by the 5, 5'-dithiobis(2-nitrobenzoic acid)
titration that showed only five cysteine residues whereas the native enzyme titrated for six.
Therefore, one cysteine islost upon amino acid labeling.

From previous studies it was not possible to determine if the cysteinyl residues of
MAO were in the active Site or were important for the appropriate conformation of the
enzymes. Recent research® has found that racemic N-cyclopropyl-N-a-
methylbenzylamine (32), a mechanism-based inactivator of bovine liver MAO-B, labels
Cys-365, which corresponds to Cys-374 and Cys-365 in human MAO-A and MAO-B,
respectively (Scheme 9), and identifies these cysteinyl residuesto be in the active site of the
respectiveisozymes. The active site S-3-hydroxypropylcysteinyl residue 36 in which the
propyl carbon atoms were shown to be derived from the cyclopropyl group of racemic N-
cyclopropyl-N-a-methylbenzylamine (32), provides definitive evidence for the SET
pathway.
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Scheme 9. The Inactivation of MAO-B by N-Cyclopropyl-N-a-methylbenzylamine (32)

Another strategy to detect theinitial electron transfer isto use the built-in radical trap
(the imine double bond), an intermediate of the cyclobutylamine analogs. Incubation of
MAO with 1-phenylcyclobutylamine (38) led to the time-dependent inactivation (Scheme
10), presumably by the trapping of 40 by the flavin semiquinone® 1-
Phenylcyclobutylamine (38) undergos one-electron rearrangement upon one-electron
oxidation catalyzed by MAO and leads to 39, which would trigger cyclobutyl ring
cleavage, leading to 40. There is a lot of examples that intermediates related to 40,
regardiess of whether they contain a carbon-carbon, carbon-oxygen, or carbon-nitrogen
double bond, undergo endo-cyclization to cyclopentyl, tetrahydrofuranyl, or pyrrolidinyl
radicals, respectively.®**  Second-electron transfer would give the corresponding
cyclopentene, dihydrofuran, or pyrroline, respectively. A time-dependent decrease in the
concentration of 1-phenylcyclobutylamine (38) was observed with a concomitant increase
in the formation of 2-phenyl-1-pyrroline (42) (Scheme 10, pathway a). These results are
consistent with the initial formation of the 1-phenyl-1-cyclobutylaminyl radical cation (39).
It is assumed that if the intermediate 41 is stable enough to lesk out of the active site, it
could be trapped by aradical spintrap. Incubation of MAO with 1-phenylcyclobutylamine

(38) in the presence of the radical spin trap a-phenyl N-tert-butylnitrone (45) resulted in a
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time-dependent formation and increase in an EPR triplet of doublets centered at a g value of
2.006, suggesting of the formation of a stable nitroxy! radical.*

é? -8 f”«@ -k

NH2
41 42

43

Scheme 10. Evidence for Initial Electron Transfer Using Spin Traps

(3) Differention between proton/electron and hydrogen atom transfer
mechanisms

Since the gpectroscopic methods failed to provide evidence of the radica
intermediate, the dtrategy to differentiate the principa difference in the proton/electron
(Scheme 5, pathway a) and hydrogen atom transfer (Scheme 5, pathway d) pathways is to
use compound trans-1-(aminomethyl)-2-phenylcyclopropane (46) as a probe to check the
fate of the trans-(2-phenylcyclopropyl)carbinyl radical (47) (Scheme 11).** The key point
here is the presence or absence of intermediate carbon-centered radical 48.
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Scheme 11. The Differentiation of Proton/Electron and Hydrogen Atom Transfer
Mechanism

The trans-2-(phenyl-1-methylcyclopropyl)carbinyl radical is an unstable radicals,
decomposing, with cleavage of the cyclopropyl ring, at a rate of 3 x 10 ** s *.*" If proton
remova occurred following initid eectron transfer (pathway a), the intermediate
cyclopropylcarbinyl radical 48 would result. Ring cleavage would then give 49.
hydrogen atom transfer occurred (pathway b), however, the cyclopropylcarbinyl radical
would be bypassed and the corresponding cyclopropylimine 53 would form. A chemicd
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model study revealed that the intermediate 48 will produce the product 50. Incubation of
MAO with 46 produced trans-2-phenylcyclopropanecarboxadehyde (53 exclusively; no
inactivation occured, and no 50 was produced. This meant that either the exclusive
pathway for the MAO-catalyzed oxidation of amines was pathway b or second-electron
transfer (pathway c) occurs faster than cyclopropy! ring cleavage.

Two rationaizations for why second-electron transfer could be faster than ring
cleavage are (1) the amino group stabilizes the radical, thereby slowing down the rate of
ring cleavage, and (2) free rotation is frozen during enzyme binding so that overlap
between the a-carbon radical orbital and the orbitals of the cyclopropyl ring is poor.

Aminomethylcubane (54) was used to test the orbital overlap hypothesis (Scheme
12).% If an o-radical 56 is generated during turnover, then there are three symmetrical
bonds in three different orientations that could overlap with the orbital containing the
radical, any one of which would lead to cubanering cleavage at arate of 3 x 10 °s™.*

Fl F°
v +o _H+
NH, NH, . NH,
a
54 55 - 56
FI <
FIH
b) _Ho V/C la
FIH
CHO
-~ SiH, —%— WNHZ
58 57 l
?

Scheme 12. Evidence for the Proton/Electron Transfer Mechanism

Treatment of MAO with aminomethylcubane (54) led to time-dependent irreversible
inactivation of the enzyme. Two metabolites were isolated; one was identified as
cubanecarboxaldehyde (58), and the other was shown by GC-MS to be missing an intact
cubane structure and to contain a resonance in the NMR spectrum in the aromatic region.
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The important finding is that the cubane structure is destroyed, indicative of the generation
of an a-radical. The ring cleavage product could not have come from the corresponding
cation (iminium ion) 57, because cubylcarbinyl cations are well-known to undergo
exclusive rearrangement to homocubanes without ring cleavage.”** No evidence for a
homocubane was found. Therefore, the decomposition of the cubane nucleus must result
from generation of an a-radical or possibly from an a-carbanion.”** Formation of
cubanecarboxaldehyde 58 could arise by second-electron transfer from the a-radica 56
prior to cubane ring cleavage (pathway c). These results strongly argue against a transfer
of a hydrogen atom from the amine radical (cation) (pathway b) and support the
proton/el ectron transfer mechanism (pathway a).

Experiments designed to differentiate the radical and carbanion pathways have been
achieved via the MAO-catalyzed reaction of cinnamylamine 2,3-oxide.*® The results
support the formation of an a-radical rather than a carbanion during the MAO-catayzed
reactions. These results add support for the formation of an a-radical during the MAO
processing of primary amines.

(4) Evidence for a covalent pathway

From an a-radica intermediate 16 (Scheme 5), the radical combination to 17
followed by g-elimination isaso reasonable. It was found that inactivation of MAO-B by
either (R)- or (9-[3H]-3-aryl-5-((methylamino)methyl)-2-oxazolidinone (59) (Scheme 13)
led to the incorporation of 1 equiv of tritium per enzyme after denaturation, suggesting that
a covalent adduct was formed.® (R- and (9-[carbonyl-14C]-3-aryl-5-
((methylamino)methyl)-2-oxazolidinone (59) aso inactivated MAO-B  with the
incorporation of 1 equivaent of radioactivity after denaturation. The fact that both the
tritium in the side chain and the *C in the oxazolidinone ring become attached
stoichiometrically to the enzyme suggests that the entire molecule is part of the enzyme
adduct 62. This adduct has two heteroatoms (the methylamino group nitrogen and the X
group of the enzyme) attached to an sp® carbon atom of the inactivator. These types of
systems (e.g., acetals, aminals, thioaminals, etc.) are stabilized by electron-withdrawing
groups attached to the a-position. In this case, the electron-withdrawing atoms of the
oxazolidinone could act to stabilize the adduct relative groups such as alkyl and arylakyl
that are part of normal substrates for enzyme. Therefore, it is believed that this adduct, an
analog of 17, is stable and will not decompose by B-elimination to give the imine product.
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Scheme 13. The Inactivation of MAO by 3-Aryl-5-((methylamino)methyl)-2-
oxazolidinones (59)

B. HAT pathway

(1) Evidence against the SET pathway

Even though the SET mechanism has been supported by a series of inactivation
studies, some experiments also provided evidence againgt this mechnaism. The mgor
issues are: (1) spectral data failed to find any observable intermediates such as a flavin
semiquinone or an amine substrate 4a-flavin adduct during the time course of MAO-B
flavin reduction under anaerobic reductive half-reduction stopped-flow experiments with a
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variety of a,a-diprotio- or a,a-dideuteriobenzylamine and phenylethylamine analogs.*”*
Additionally, amagnetic field in the range 10-6500 G has no influence on the rate of flavin
reduction, thereby precluding the formation of any stable radical pair intermediates with a

lifetime longer than 10° s (2) energy calculations indicate that the the single-electron
transfer from the amineto the flavin is thermodynamically improbable.* In order for the
SET mechanism to be thermodynamicaly permitted, the free energy of activation rate-

limiting reduction of MAO by amine substrates under anaerobic conditions (G), must be

lower than the free energy of electron transfer from the substrate to flavin (Get').® The

caculated G for the meta-substituted benzylamine analog (using the stopped flow kinetic

data and Eyering equation ) is 12.3 kcal/mol and the calculated Ggt isin the range of 20-30
kcal/mol;®  (3) some 1-cyclopropyl-4-substituted-1,2,3,6-tetrahydropyridines exibit
excellent substrate properties rather than the expected mechanism-based inactivation. The
two principal metabolites are the dihydropyridinium and N-decyclopropyl species>®

(2) The proposed HAT mechanism

Based on these observations, it was suggested that the aminyl radical cation may
not be obligatory intermediates in the MAO-catalyzed oxidation. It was therefore proposed
that a mechanism involving direct hydrogen atom abstraction from the substrate 14 to give
the a-radical 16 followed by rapid electron transfer from the aminyl substrate radical to
form the flavin hydroquinone and the protonated imine product 14, may be an aternative
catalytic pathway for these biotransformations.™

Enz-X- Enz-XH FAD + H* FADH-
oo U e oo \—J +
RCH,NH, = RCHNH, ~ RCH=NH,
14 16 18

Scheme 13. The Inactivation of MAO by 3-Aryl-5-((methylamino)methyl)-2-
oxazolidinones (59)
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C. Polar pathway

A nucleophilic (polar) mechanism has also been proposed based on chemica model
studies of primary and secondary amines (Scheme 15).°%*  These experiments
demonstrated that, under certain conditions (wet acetonitrile containing 10 mM HCI hested

to 80 °C for 7 daysto give a30% yield of oxidized primary amine), benzylamine could be

oxidized to benzaldehyde in the presence of the modd flavin 3-methyllumiflavin.®
Mariano et a. also demonstrated® that with the use of 3-methyl-5-ethyllumiflavinium
perchlorate it is possible to show that primary amines, and hydrazines, can undergo
oxidation by nucleophilic mechanisms. According to this pathway, the amine substrate 64
forms an adduct 65 with FAD. Subsequent cleavage of 65 yields the iminium metabolite
66 and FADH.,,.

R H
§—S N N\]&O i—s i—s N. N_ _O
LT OO oo
s ] )
s g H ;—BH" FADH
& KNH
64
65 R
66

Scheme 15. The Proposed Polar Mechanism for the MAO-Catalyzed Oxidation

1.3. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)

1.3.1. Neurotoxin and Parkinson’s disease
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, 67) is a good MAO-B and

to alesser extent, MAO-A substrate.* Researchers' interest in this compound is due to its

neurotoxicity. MPTP causes a permanent form of Parkinsonism that closely resembles
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Parkinson's disease. Investigators discovered this effect in the 1980s™°° when heroin
addictsin Californiawho had taken aniillicit street drug contaminated with MPTP began to
develop severe Parkinsonism. This discovery, which demonstrated that a toxic substance
could damage the brain and produce parkinsonian symptoms, caused a dramatic
breakthrough in Parkinson's research. For the first time scientists were able to smulate
Parkinson's disease in animas and conduct studies to increase understanding of the
disease.”*®

Parkinson's disease is both a chronic and progressive neurological disorder which
is characterized clinically by a decrease in spontaneous movements, gait difficulty, postural
instability and rigidity and tremor. Parkinson's disease occurs when about 80% of the
dopaminergic neurons of the substantia nigra die or become impaired.® Dopamine is the
neurotransmitter of nigrostriatal neurons. The signa stimulated by the activation of
receptors on the postsynaptic neurons produces smooth, purposeful muscle activity. Loss
of dopamine causes the nerve cell of the striatum to fire out of control, leaving patients
unable to direct or control their momvements in a norma manner.® The cause of this cell
death or impairment remains unknown but a combination of oxidative damage, exposure to
environmenta toxins, genetic predisposition and accelerated aging may be involved in
neurodegeneration.

1.3.2. The biotransformation of MPTP

A considerable amount of work has been done toward elucidation of the mechanism
of MPTP-induced neurotoxicity. The toxication of MPTP is mediated by MAO-B.®
MPTP has been shown to be oxidized by MAO-B to the 2,3-dihydropyridinium species
(MPDF*, 68) (Scheme 16).°"* This metabolite is not stable and undergoes a further two
electron-oxidation that may be enzyme mediated or by a disproportionation mechanism to
yield the 1-methyl-4-phenylpyridinium ion (MPP", 69).%%
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Scheme 16. MAO Catalyzed Oxidation of MPTP

This pyridinium metabolite is actively accumulated in nigrostriatal nerve terminas
by the DA transport system®® where it inhibits Complex 1 of the mitochondrial
respiratory chain within the dopaminergic neurons, thereby causing their death.®*™ This

MAO-dependent formation of MPP* appears to be a necessary event in the neutrotoxic
process because pretreatment of mice and monkeys with MAO-B inhibitors prevents the
MAO-B-catalyzed oxidation of MPTP and MPTP-induced neurotoxicity.”””™  The
metabolite MPP*, but neither MPTP nor MPDP, has high affinity for the DA uptake
system and administration of a DA uptake blocker prevents the neurotoxicity of the
subsequent administration of MPTP.%"%7"  MPP* but neither MPTP nor MPDP™,
inhibits the oxidation of NADH-linked substrates such as pyruvate and melate by
mitochondria ¢”7®"7¢  following the localization of MPP* by the mitochondria™ The
resulting depletion of ATP within the neurons may be the primary mechanism by which
MPTP ultimately destroys the neurons.™

Researchers also found that MPTP, MPDP*, and MPP* are reversible, competitive
inhibitors of both MAO-A and MAO-B.”” MPTP and MPDP*, but not MPP*, are
mechanism-based inhibitors of MAO-A and MAO-B. Under the experimental conditions
used, the decay of activity on incubation of either enzyme with MPTP is exponential and is
not reversed by ge exclusion or brief dialysis. After a prolonged diaysis of MAO-B
previoudly inactivated by MPTP, a part of the activity returns.”” The partition coefficients

for the inactivation are large since the rate of oxidation of MPTP by ether enzyme greatly
exceeded the rate of inactivation.” When [3H]MPTP was used for inactivation of the
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MAO-B, about 5 mol of product was incorporated/mol protein, suggesting dissociation of
the product(s) from the enzyme and suprious recombination with nucleophiles in the
enzyme.

1.3.3. SAR studies of MPTP analogs

Many MPTP anal ogs have been synthesized and examined for their MAQO activities.
The purpose of this research is to use these compounds to probe the structural requirements
of the active site of the enzyme. Since there are no reports of the three-dimensiona
structure of MAO, all of the information available on the structure of the active sites are
based on their structure activity relationship (SAR) studies. Based on these structura
insights, mechanism-based inhibitors of the enzyme may be designed and synthesi zed.

A. MPTP analogs as MAO substrates:

Some common findings of the structural features which are associated with MAO
substrate properties of MPTP anal ogs include the following:
1. The 4,5- double bond of the tetrahydropyridinyl ring is essential for compounds to be
MAO substrates.®
2. Substituents a the C-4 and N-1 positions of the heterocyclic moiety are allowed.
Placement of a substituent anywhere else in the tetrahydropyridinyl ring diminishes MAO
substrate activity.®
3. Substitution at the N-1 position is limited to smal substituents. The N-methyl group is
better than hydrogen, ethyl and the a-hydroxyethyl groups.®
4. Substitution at the C-4 position of the tetrahydropyridine is necessary. But the phenyl
group is not necessary for compounds to be MAO substrates. Replacement of the phenyl
group by a 1-methyl-2-pyrrolyl,® a benzyl,®> a phenoxyl,* a thiophenoxyl,®* or a
cyclohexyl group® enhances or maintains the MAQ activity.
5. Para-substituents on the phenyl ring produce steric hindrance unfavorable to reactivity,
while some ortho- or meta-substituents may increase the reactivity. > & 8 87%
6. Substitution of an electron-withdrawing group, such as pyridinyl group a the C-4
position of the tetrahydropyridine causes a decreasein MAO activity ™

In addition to the above findings, quantitative SAR (QSAR) studies™ also
indentified that lipophilicity, sterics and el ectronics play important rolesin determining
MAO activity.
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B. MPTP analogs as MAO inhibitors

An early effort focused on the modification of MPTP to form a mechanism based
inactivator. MPTPisagood MAO-B substrate. The substitution of asmall group such as
cyclopropyl at N-1 produces a structural analog with overall similar geometry. We aready
know that cyclopropyl groups attached to aradica bearing atom undergo very rapid ring
opening. According to the SET mechanism, when this compound is incubated with MAO-
B, aninitial one-electron transfer from 70 to FAD would generate the aminium radical 72
(Scheme 17). Thisintermediate would have the option to ring open to the reactive primary
radical 74 (pathway a) leading to enzyme inactivation, or subsequently undergo a second
one-electron loss to generate the dihydropyridinium intermediate 78 (pathway b).

70 R = phenyl 72 R = phenyl
71 R = benzyl 73 R = benzyl

76 R = phenyl 78 R = phenyl
77 R = benzyl 79R =D

Scheme 17. Proposed SET Pathway for the MAO-B Catalyzed Oxidation of 1-
Cyclopropyl-4-substituted-1,2,3,6-tetrahydropyridines

Experiments established that 1-cyclopropyl-4-phenyl-1,2,3,6-tetrahydropyridine
(70) isagood time and concentration dependent inhibitor of MAO-B (K, /K;=1.0 min

inact
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'mM™).% The absence of detectable levels of the dihydropyridinium metabolite 78 implies
that the enzyme processes the compound as a substrate but the intermediate formed in the
catalytic process inactivates (forms a covaent bond with) the enzyme prior to escaping
from the active site and that the deprotonation of 72 to form 76 (pathway b) does not
compete effectively with the ring opening (pathway a).

Similarly, another MPTP analog 4-benzyl-1-cyclopropyl-1,2,3,6-
tetrahydropyridine (71) is also reported to be a good time and concentration dependent
inhibitor of MAO-B,* athough the k..., and K, could not be obtained because of the
nonlinear inactivation behavior of this compound. However, what is surprising, it is aso

an excellent MAO-B substrate, with k_/K_=1500 min'mM " at 37 °C, and the partition
ratio greater than 1000. These data clearly suggest that dihydropyridinium formation is the
preferred pathway over enzyme inactivation. This finding leads us to reconsider this
biotransformation. If the SET is an obligatory pathway, the intermediate
cyclopropylaminyl radical cation 73 must partition between pathway a, leading to the
primary carbon-centered radical 75 and enzyme inactivation, and pathway b, leading to the
alylic radical intermediate 77 and product formation. Because the rate of ring opening of
cyclopropylaminyl radical cationsis believed to be very fast, it was anticipated that the ring
opening pathway a would be the mgor one. The obvious contradiction between the
experimental results and the assumptions argue that the dihydropyridinium formation does
not proceed via the SET pathway or that the rate of cyclopropyl ring opening does not
compete with the rate of proton loss a C-6. Another interpretation of these results is that
this transformation proceeds via an HAT mechanism. This pathway relies on homolytic
cleavage of the relatively week allylic carbon-hydrogen bond which might be affected by an
enzyme bound radical proposed to be present in MAO-B purified from beef liver. Another
tentative explanation isthat the conformational constraints lead to poor overlap of the half-
filled p-orbital on the nitrogen radical cation and the p-type orbitals of the cyclopropyl
group. Thisrestriction prevents the cyclopropyl from opening and, therefore, restricts the
ring opening reaction leading to product formation.
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Figure 6. The Conformationa Constrains of the Cyclopropyl Group
1.4. Research proposal

As part of our ongoing studiesto characterize the structural features responsible for
this unexpected biotransformation, we have synthesized and examined the MAO-B
substrate properties of avariety of MPTP analogs bearing various heteroaryl groups a the
4-position of the tetrahydropyridinyl ring. The SAR studies focus on electronic features,
steric features and polar interactions which may contribute to the substrate activities.

Additionally, isotope effects have been examined to investigate the mechanism and
stereoselectivity of the MAO-B catalytic pathway. The synthesis and characterization of
regio and stereoselectively deuterated MPTP analogs have been achieved. The results
indicate that the catalytic step occurs exclusively a the alylic C-6 position and is rate-
determining for both good and poor substrates. The two enantiomers of MPTP bearing a
deuterium atom at C-6 have been prepared via chira aminooxazolinyl derivatives and have

been characterized by ’H NMR in a chira liquid crystal matrix. These enantiomers were
used to determine the selectivity of the MAO-B catdyzed o C-H bond cleavage reaction

leading to the dihydropyridinium metabolite MPDP'. Some of the cyclopropyl analogs
have a so been synthesized as the potential inhibitors.

32



Chapter 2. The SAR Study on the M AO-Catalyzed Oxidation
of 1-Methyl-4-heter oaryl-1,2,3,6-tetrahydropyridines

2.1. Introduction

Many MPTP anaogs have been synthesized in order to investigate MAO-catalyzed
oxidation reaction mechanisms and to explore the topology of the active ste of the
enzyme.8%-92 |t has been found that many factors, including electronic and steric features,
may contribute to the substrate properties.

Aspart of our previous studies on the MAO-B cataytic pathway related to this series
of compounds, we have examined the effects of varying the C-4 substituent on the k /K,
values of various 1-methyl-4-substituted-1,2,3,6-tetrahydropyridinyl derivatives. The
results indicate that stabilization of the proposed radical intermediates (analogs of 16) by
the C-4 electron rich group may be related to the efficiency of MAO-B catalysis.®**® For
example, the transformations of substrates bearing C-4 substituents (80-89) that should
stabilize the putative dlylic radicals (Figure 7) occur more readily (Keo/Km = 155 to 4151

min™mM ™) 825,92 than the transformations of compounds bearing more eectronegative C-
4 substituents [87-89] (Kea/Km = 6 to 60 min 'mM *2).%
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Figure7. MPTP Analogs Exhibiting Different Substrate Activities

Theidea of substituting the five-membered heteroarenes for the phenyl group a the
C-4 position of MPTP is based on the knowledge of the eectronic properties of the five-
membered heteroarenes such as furan, thiophene, pyrrole and imidazole.**® To illustrate,
it isassumed that all ring atoms of furan are sp*-hybridized (Figure 8). The overlap of the
five 2Pz aomic orbitals yields delocdlized =MOs , three of which are bonding and two
antibonding. MOs m, and m,, as well as m,* and m.*, are energetically nonequivalent
(Figure 8, a, b, ¢), in contrast to the carbocycle benzene which is iso-r-€electronic with
furan. Because the nodal plane of m, passes through the heteroatom, in contrast to that of
n,, the degeneracy is lost. Every C-atom contributes one electron and the O-atom two
electronsto the cyclic conjugated structure. The six electrons occupy the three bonding -
MOsin pairs. Asthere are six electrons distributed over five atoms, the reelectron density
on each ring atom is greater than one. Furan is thus a r-electron excessive heterocycle.
Because electron density on each ring atom of thiophene, pyrrole and imidazole (except its
2-position) is greater than one, they all belong to the reelectron excessive heterocycles.



The substrate properties of compounds with different kinds of 5-membered
heteroarenes substituted at the 4-position of 1,2,3,6-tetrahydropyridine may reflect the
electronic properties of the heteroarens. The differences of these heteroarenes are displayed
in several ways. The dipole moment of furan is 0.71D, with the negative end Situated on
the O-atom. Because of the lower eectronegativity of sulfur compared with oxygen, the
dipole moment of thiophene is 0.52D and is even smaller than that of furan. The dipole
moment of pyrroleis 1.58D. In contrast to furan and thiophene, the heteroatom represents
the positive end of thedipole. This could be due to the fact that the heteroatom in pyrrole
possesses only one nonbonding electron pair, whereas in furan and thiophene, there are
two. The dipole moment of imidazoleis 3.7D in the gas phase. In solution, the values for
imidazole depend on the concentration because of strong intermolecular hydrogen bonds.

Based on several criteria of aromaticity in heterocycles, such as bond length, ring
current effects, empirica resonance energies and molecular orbitals and declocalization

energy, it is concluded that the grading of aromaticity is furan < pyrrole < thiophene <

benzene.
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Figure 8. The Five-membered Heteroarenes vs . Phenyl Group
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Steric effects, however, aso may contribute to the substrate properties of these
types of compounds. Youngster reported the effects of atering the substituents on the
phenyl ring of MPTP on the ability of the compounds to be oxidized by MAO-B and to
produce nigrostriatal dopaminergic toxicity in mice.>*#%%® |t was found that alkyl
groups substituted at the 2'-position of the MPTP have significant effects on their rates of
the MAO-B catalyzed oxidation (Figure 9). For example, the 2'-methyl-MPTP analog 90
has a higher k_, and somewhat lower K, value than does MPTP. Further lengthening the
side chain leadsto a progressive declinein thek /K, values Thisisdue both to a decrease
in k., and increase in K, with increasing alkyl chain length in the 2'-position. Thus the

k./K. a 30°C (@l in min'mM™) follows the order 2'-methyl-MPTP (90, k_ /K =1275)

> MPTP (69, k /K, =523) > 2-ethyl-MPTP (91, k_/K,, =295) > 2'-n-propyl-MPTP
(92, k_, /K, =86) > 2'-isopropyl-MPTP (93, k_,/K,, =51)* The finding that k /K . values
for 2'-chloro-MPTP (94, k_ /K, =1353) and 2'-methoxy-MPTP (95, k_/K,, =233) ae
smilar to the values for 2'-methyl-MPTP 90 and 2'-ethyl-MPTP 91, respectively, is
consistent with the importance of the size of the 2'-substituent in determining the MAO-B
substrate properties with their series.® Metabolic studies also indicate that high brain levels
of the pyridinium metabolite persist for a much longer time &fter the peripheral
administration of 2'-methyl-MPTP than they do following the equivalent administration of
MPTP. Therefore, 2'-methyl- and 2'-chloro-MPTP are more potent neurotoxins than
MPT P.82’89’100

37



Keat/ K (Mintmm )

69: R =hydrogen 523

90: R = methyl 1275
91: R = ethyl 295
92: R = propyl 86
93: R = isopropyl 51
94: R =chloro 1353

95: R = methoxyl 233

Figure 9. The 2'-Substituted MPTP Analogous

In our recent studies on the MAO-B-catalyzed oxidation reaction of 1-methyl-4-(5-
membered heteroarene)-1,2,3,6-tetrahydropyridinyl analogs,®*'® we also observed the
effect of structura alterations on the substrate activities of these molecules. For example,
comparison of the substrate properties of analogs 83 vs 84 (Figure 7) involving the
introduction of amethyl group at the 1'-position of pyrrole increases the k_, and decreases
the K, values such that the overall substrate activities, as measured by k_,/K ., increase by a
factor of 39 for N-methylpyrrolyl analog. The reason of this phenomenon remains unclear.
It may be caused by steric effect or some kind of polar interaction between the molecule and
the enzyme.

The present study was undertaken in an attempt to provide additional information on
the stereoel ectronic features that contribute to the unexpected substrate properties of 1,4-
disubstituted-1,2,3,6-tetrahydropyridinyl derivatives and in particular to assess the
influence of steric and eectronic effects of the C-4 substituent by comparing the substrate
properties of a series 1-methyltetrahydropyridinyl derivatives bearing substituted and
unsubstituted five-membered heteroaryl groups. The structures of the compounds
examined in this study (96-107) are shown in Figure 10. The newly synthesized analogs
are 1-methyl-4-(3,4-dimethylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (96), 1-methyl-4-(1-
ethylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine  (97), 1-methyl-4-(1-n-propylpyrrol-2-yl)-
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1,2,3,6-tetrahydropyridine (98), 1-methyl-4-(1-isopropylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (99), 1-methyl-4-(1-cyclopropylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine
(100), 1-methyl-4-(3-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (101) and 1-methyl-

4-(1,3-dimethylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine ~ (102), 1-methyl-4-(2-
methylfuran-2-yl)-1,2,3,6-tetrahydropyridine  (103),  1-methyl-4-(1-ethylfuran-2-yl)-
1,2,3,6-tetrahydropyridine (104), 1-methyl-4-(3-methylthien-2-yl1)-1,2,3,6-

tetrahydropyridine  (105), 1-methyl-4-(1-ethylthien-2-yl1)-1,2,3,6-tetrahydropyridine
(106), and 1-methyl-4-(1-methylimidazol-2-yl)-1,2,3,6-tetrahydropyridine (107).

CH3 CH3
/ o o 1
2/ \§ SUNR' CHy N\ NR
|
R 97: R' = ethyl 101: R = hydrogen
96 98: R' = propyl 102: R' = methyl
= 99: R' = isopropyl
R= < 100: R' = cyclopropyl
N
|
CH3 — — —\
R'/§O R'/§S NY NCH3
- 103: R' = methyl 105: R' = methyl 107
104: R' =ehtyl 106: R' = ethyl

Figure 10. The Newly Synthesized 1-Methyl-4-substituted-1,2,3,6-tetrahydropyridines

2.2. Synthetic approches to 1-methyl-4-substituted-1,2,3,6-
tetrahydropyridines

2.2.1. The general strategy for the synthesis of 1,4-
disubstituted-1,2,3,6-tetrahydropyridines and the substituted

five-membered heteroarens
Based on previous studies, the 1,4-disubstituted-1,2,3,6-tetrahydropyridines often
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exhibit MAO substrate properties. This structura unit can be considered as the
combination of three parts (Figure 11). The N-1 substituent R’, the C-4 substituent R and
the tetrahydropyridinyl skeleton.

Figure 11. The 1,4-Disubstituted-1,2,3,6-tetrahydropyridines

A. The N-1 groups
As was pointed out in Chapter 1, when the N-1 group is a methyl group, the
compound usually exhibts high substrate activity. When the N-1 position is substituted by
acyclopropyl group, the compound is expected to behave as an mechanism-based inhibitor
The incoporation of the methyl group will be discussed in the following part. The
synthesis of N-cyclopropyl analogs will be discussed in chapter 4.

B. The 1,4-disubstituted-1,2,3,6-tetrahydropyridinyl skeleton

When 1,4-disubstituted-1,2,3,6-tetrahydropyridine is considered in the light of a
retrosynthetic analysis (Scheme 18), it can be visuadized as being derived from a 1,4-
disubstituted pyridinium sat (route 1) or 4-piperidinol (route Il), or tetrahydropyridyl
triflate or from organometallic precursors (route I11). Therefore, it can be constructed
retroanalytically in three ways (1, 11, 111) as shown in Scheme 18.
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Scheme 18. The Retrosynthesis of 1,4-Disubstituted-1,2,3,6-tetrahydropyridines
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If the retrosynthesis follows route |, it can be seen that the oxidation of the
tetrahydropyridine leads to the pyridinium salt intermediate 109. Further retroanaysis of
109 leads viai to the primary amine 110 and 111, a pyridinium salt with different N-
substituted group, or via b to the akyl halide 112 and 4-substituted pyridine 113.
Species 113 can be retroanalytically rationalized in several ways.

If the azine structure of the 113 is considered by itself,” then the retrosynthetic

analysis can start at the imine structural element (H,O addition O C-2, retrosynthetic

pathway c). Suggestions for the cyclocondensation of various intermediates arise based on
the 5-aminopentadienal or -one system 114, and further (pathway d, NH, loss) on
glutaconic dialdehyde or its corresponding ketoaldehyde 115. The ketoadehyde 115 can
be obtained by the oxidation of 116 (pathway e) whereas 114 can aso be obtained by
dehydrogenation of enaminone 119 (pathway g). Both 119 and 116 can be obtained by
retro-Michagl addition involving enamines or enolates with o,p-unsaturated carbonyl
systems as starting materials. Of course, the retrosynthetic analysis of pyridinyl unit may
also offer the opportunity to prepare this system by the cocycloligomerization of akynes

with nitriles or by [4+2] cycloadditions of azadienes with activated alkynes or alkenes.

Cycloaddition between 1,3-dienes and imines also could be explored. But these methods
appear to be less practical.

Following route |1 (addition of water to the tetrahydropyridinyl C-4/C-5 bond), the
4-substituted-4-piperidinol 121 is obtained as the potential starting material. Starting from
122, the tetrahydropyridinyl system could be formed by addition of an organolithium or
Grignard reagent (RM) to the 1-substituted-4-piperidone followed by dehydration of the
resulting 4-piperidinol intermediate (pathways k and j). An dternative way to the 4-
piperidinol is the reaction of 2-substituted propenes 123 with formadehyde and primary
amines (pathway ).

Route I11 yields the tetrahydropyridyl organometallic compounds or triflates 124 as
potential starting materials, which should produce 1,4-disubstituted tetrahydropyridines by
cross coupling reactions with halides or organometallic compounds (pathway m). If the
starting materia istetrahydropyridyl triflate, further retroanalysis of 124 leads vian to the
1-substituted-4-piperidone. It can be converted to the triflate first by enolization and then
reaction with phenyltrifluromethanesulfonimide.
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Some practical methods for the construction of 1,2,3,6-tetrahydropyridine skeleton
have been summarized in the following paragraph.
(1) Addition-dehydration synthesis, in which 1-substituted-4-piperidones are treated with
organolithium compound or Grignard reagent followed with water, leads to the 4-
substituted-4-piperidinols. Acid catadyzed dehydration of the 4-piperdinols gives the 1,4-
disubstituted-1,2,3,6-tetrahydropyridines. For example, the synthesis of 1-methyl-4-(2-
furanyl)-1,2,3,6-tetrahydropyridine (128) had been achieved by acid catalyzed dehydration
of the corresponding 4-(2-furanyl)-4-piperidinol 127 (Scheme 19).** The intermediate
carbinolamine was prepared by reaction of 1-methyl-4-piperidone with 2-furanyllithium.

0 74 | _ 74 | OG>
OLi o) OH .
g\o + — _H0 | i =
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i |
Li CHg

124 125 126 127 128

Scheme 19. The Synthesis of 1-Methyl-4-(2-furanyl)-1,2,3,6-tetrahydropyridine

Sometimes, the bulky Grignard regent may increase the extent of enolization
resulting in alow yield of the addition product. Difficulties with the dehydration step also
have been observed with hindered tertiary piperidinols.®* When the molecule contains an
acid sensitive group, it ssmply can not be dehydrated under acid conditions.

The 1,4-disubstituted-1,2,3,6-tetrahydropyridine system may also be obtained via
intramolecular  aminomethylation  which  yields 4-substituted-4-piperidinols as
intermediates. A smplified preparation of 1-cyclobutyl-4-phenyl-1,2,3,6-
tetrahydropyridine (134) from 2-phenylpropene (129), formaldehyde (130) and
cyclobutylamine (131) was achieved by the smultaneous rearrangement of 3-cyclobutyl-
6-methyl-6-phenyltetrahydro-1,3-oxazine (132) and dehydration of the 4-phenyl-4-
piperidinol 133 since the conditions for both these reactions are similar (Scheme 20).*%
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The conversion of 132 to 134 via 133 may be looked upon as cleavage of the oxazine
ring followed by intramolecular aminomethylation.*®**

H OH
NH, 5 CHs
0
+ HCHO + _6°¢c L N

N N

129 130 131 <§ <5

132 133

| HCI i
Conc HCI N
<N5
134

Scheme 20. The Synthesis of 1-Cyclobutyl-4-phenyl-1,2,3,6-tetrahydropyridne

(2) Reduction of pyridinium salts with sodium borohydride in alcohol or aqueous solution
yields the corresponding 1,4-disubstituted-1,2,3,6-tetrahydropyridines. This method is
universally applicable. For example, methylation of the 4-ethenylpyridine (135) (Scheme
21), gave the corresponding 1-methylpyridinium intermediate 136 which yielded 137
when treated with 1 mole of sodium borohydride (excess hydride reagent resulted in further
reduction of the exocyclic double bond).*®?

CH=CH, CH=CH> CH=CH,
X
% . = | NaBH,
| CHgl “

SN N T N
| |
CHs3 CH3

135 136 137

Scheme 21. The Synthesis of 1-Methyl-4-ethenyl-1,2,3,6-tetrahydropyridine



The pyridinium salts can be obtained by several ways. In addition to the akylation
of the pyridine by an akyl halide, which is described in the above example (Scheme 22),
the Zincke reaction can also produce a pyridinium salt from another pyridinium starting
materid which has a different N-substituent.’®® For example, the treatment of 4-(4-
chlorophenyl)pyridine (138) with 24-dinitrochlorobenzene (139) produces 4-(4-
chlorophenyl)-1-(2,4-dinitrophenyl)pyridinium chloride (140) which, upon coupling with
(R,9-4-amino-1-(4-flurophenyl)butanal, yields (R,S-4-(4-chlorophenyl)-1-[4-(4-
flurophenyl)-4-hydroxybutyl]pyridinium chloride (141) (Scheme 22).'%

F
Cl
Cl Cl
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Scheme 22. The Synthesis of 4-(4-Chlorophenyl)-1-(2,4-dinitrophenyl)pyridinium

The precusors of pyridinium salts are the 4-substituted pyridines. Many ways have
been employed to synthesize 4-substituted pyridines. Some 4-substituted pyridines have
specia C-4 substituents such as the bromo, chloro, formyl or methyl group which can be
used as a handle to anchor another desired group at C-4 position.

For example, the Pd(PPh,), catalyzed cross-coupling reaction between the
pyrrylzinc reagent 144 [prepared from 1-methylpyrrole (143) and sec-butyllithium] and 4-
bromopyrridine gave the 1-methyl-4-(1-methyl-2-pyrryl)-1,2,3,6-tetrahydropyridine (146)
(Scheme 23).*
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Scheme 23. The Synthesis of 4-(1-Methylpyrrol-2-yl)pyridine
The second example involves the trestment of 4-pyridinecarboxaldehyde with
Grignard or organolithium reagent such as phenyl Grignard (148) to yield the

corresponding secondary acohol 149 (Scheme 24). Zinc-mediated reduction of the
benzylic alcohoal, yielded the corresponding 4-benzylpyridine 150.%"

CHO OH
A B — —_—

' @ S [
N |N/ N/

148 147 149 150

MgBr

Scheme 24. The Synthesis of 4-Benzylpyridine
In the third example, Baker reaction of 4-methylpyridine (152) and benzaldehyde

(151) produced the trans-stilbazole 153 which can be reduced to 4-phenylethylpyridine
(154) by hydrogenation in the presence of the catalyst of Pd/C.*’
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Scheme 25. The Synthesis of 4-Phenylethypyridine

(3) Stille-type cross-coupling reactions, involve the vinyl triflates (C=C-SO,CF;) which
readily react with vinyltin derivatives to generate dienes.'® This method has been
employed in the synthesis of tetrahydropyridines (Scheme 26). Treatment of 1-methyl-4-
piperidone (124) with lithium diisopropylamide followed by reaction of the resulting
lithium enolate with phenyltrifluromethane sulfonimide yields the tetrahydropyridyl triflate
155. Thisvinyl triflate reacts with 3-(trimethylstannyl)pyridine in the presence of tetrakis-
(triphenylphosphing)palladium (0) to give the 1-methyl-4-(3-pyridyl)-1,2,3,6-
tetrahydropyridine (157).*

Sn(CHz)3 =

0 0SO0,CF3 | X N
1. LDA _N 156
2. CeHs5N(SO,CF3), N N
N N Pd(PPh3)4 N
CH CH I
3 3 CHs
124 155 157

Scheme 26. The Synthesis of 4-(3-Pyridyl)-1,2,3,6-tetrahydropyridine
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C. C-4 substituents

In our project, the C-4 substituents are substituted five-memberd heteroarenes, such
as substituted furans, pyrroles, thiophenes and imidazoles. A variety of methods and
reagents have been developed to synthesize specific five-membered heteroarenes.
However, retroanalysis suggests the generaly logica starting materials and preparatively
important methods for constructing the required structures.

1. The synthesis of pyrroles

(1) The retroanalysis for the synthesis of the pyrrole analogs

The proposed retrosynthesis of pyrrolesisgiven in Scheme 27.%% Route | (Steps
a-c) yields the 1,4-dicarbonyl compounds 161, the potential starting materias, which
should produce pyrroles by cyclocondensation with NH, or a primary amine. When
intermediate 160, the y-ketoenamine, follows step d, bond cleavage results to form
fragments 162 and 163, rather than 158, suggesting the a-haocarbonyls 162 and
enamines 163 as dternative dtarting materials.  After water addition and enamine
hydrolysis (e/f), route Il leads to the y-aminoadol intermediate 165. Aldol fission follows
(retroanalysis step g) resulting in the formation of the a-aminocarbonyl compounds 166
and methylene ketones 167.
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(2) Some practical methods for the synthesis of pyrroles’
a The Paar-Knorr synthesis, in which 1,4-dicarbonyl compounds are treated with NH,, or
primary aminesin ethanol or acid, leads to substituted pyrroles (Scheme 28) and is broadly
For instance, hexane-2,5-dione (168) reacts with NH, to yield 2,5-
dimethylpyrrole (171). The primary step leads to the double hemiamina 169 which, by
stepwise water elimination, furnishes the pyrrole system 171 via the imine 170.

‘<_>/'7+NH3

applicable.

OO0

168

N N
H a e H H
159 158 164
bﬂ ﬂf
. HO
; X
\\ | e— :\[ + Ji ’
O NHy d O H,N HaoN O
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160 162 163
c +H20 ﬂ
NH3

Scheme 27. The Retrosynthesis of Pyrrole

5-98

N N OH
HO H OH

169 170

Scheme 28. The Paal-Knorr Synthesis of Pyrroles
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b. The Hantzsch synthesis, in which a-halocarbonyl compounds react with p-keto estersor
B-diketones and ammonia or primary amines, gives 3-alkoxycarbonyl- or 3-acryl-
substituted pyrrole derivatives, respectively (Scheme 29). The regiosdlectivity depends on
the subgtituents in the starting materials but gives mainly the 1,2,3,5-tetrasubstituted
pyrrole. For example, the p-keto esters 172 react with ammonia or amine to give the g-
aminoacrylic esters 173 in the primary step. C-Alkylation of the enamine function in 173
by the halo ketone produces the 1,2,3,5-substituted pyrroles 175 while N-akylation leads

to the 1,2,3,4-substituted pyrroles 176.
; > /4_/{00&
R X
>_/ 174 R3 / RY

O . N
+ — R2
/AI/COOEt . -0 R? j\&}, 175
* RNH, — —
o~ "R 1

173 3
R'  COOEt R Z{OOEt
* /N
0O  — -
Rl

172 X

Scheme 29. Hantzsch Synthesis of Pyrroles
c. The Knorr synthesis, in which a-amino ketones 166 undergo cyclocondensation with

B-keto esters 172 or p-diketones, gives the 3-alkoxylcarbonyl- or 3-acyl-substituted
pyrroles 179 (Scheme 30).
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Scheme 30. Knorr Synthesis of Pyrroles

d. Michad addition followed by an intramolecular ado addition reaction results in the
conversion of, N-tolylsulfonyl glycine esters 180 and vinyl ketones 181 to the
pyrrolidine-2-carboxylic esters 182. These are converted into pyrroles by dehydration of
cleavage of the N-tosyl protecting group (Scheme 31).
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| L_iOH 1} Pt @L
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Scheme 31. The Michael Addition and Intramolecular Aldo Addition Pathway to Pyrrole

e. Cyclocondensation of nitroalkenes 184 with isocyanides 185 (Scheme 32) in the
presence of base leads to the formation of the trisubstituted pyrroles 186. The first step in
this reaction is a Michael addition of the isocyanide to the nitroalkene. Cyclization and
elimination of HNO, follow.
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Scheme 32. Cyclocondensation Pathway to Pyrrole of Nitroalkenes with CH-acidic
Isocyanide

2. The synthesis of Furans

(1) The retroanalysis for the synthesis of furan analogs’®°

The proposed retrosynthesis for furans is given in Scheme 33. Furan can be seen
to derive from adouble enol ether and be dissected retroanalytically in two ways (I, 11). In
route | (addition of water to the furan C-2/C-3 bond followed by bond opening O/C-2, i.e.
an enol ether hydrolysis according to steps a-c), the 1,4-dicarbonyl system 161 is obtained
as the first adduct. Starting from 161, the furan system should be formed by cyclic
dehydration. Further retroanalysis of 161 leads via f to the a-halocarbonyl compound
162 and to the enolate of the carbonyl compound 167. The latter should be convertible
into the 1,4-dicarbonyl system 161 by alkylation with 162.

Following route 11, it can be seen that the primary water addition to the furan C-
2/C-3 bond can also occur according to theretrostep d. This leads to the intermediate 190
for which the bond cleavage O/C-2 (e) is retroandytically rationalized and leads to the y-
hal o-g-hydroxycarbonyl system 191. A retroaldol operation (pathway g) provides the
same starting materials 162 and 167 as the retrosynthesis I.  Route |1, however, suggests
as the first step an adol addition between 162 and 167 to give 191 followed by
intramolecular S, cyclization of the enolate 191 to the dihydrofuran 190 and conversion
into furan by dehydration.
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Scheme 33. The Retrosynthesis of Furans

(2) Some practical methods for the synthesis of furans®*

a.  In the Paa-Knorr synthesis, the 1,4-dicarbonyl compounds 161 undergo
cyclodehydration when trested with concentrated H,SO,, polyphosphoric acid, SnCl, or
DM SO, providing 2,5-disubstituted furans 194 (Scheme 34). In an acid-base equilibrium,
the acid adds to one of the carbonyl groups in the 1,4-dicarbonyl system 161 enabling a
nucleophilic intramolecular attack by the second carbonyl group to form 193. Finally, the
B-elimination step, which is also base-catalyzed, occurs.
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Scheme 34. The Paal-Knorr Synthesis of Furan

b. Inthe Feist-Benary synthesis, the a-halocarbonyl compounds 195 react with the p-keto
carboxylic esters 172 to yield derivatives of 3-furoic acid 198 by cyclocondensation
(Scheme 35). The formation of 196 results from an aldol addition and that of 197 from an
intramolecular nucleophilic substitution reaction.

RL COOEt 5 COOEt OH COOEt COOEL
-H H>0
C AL % e S T\ﬁ

172 197 198

Scheme 35. The Feist-Benary Synthesis of Furans

c. In the Dids-Alder reaction, the ring transformation of oxazoles is achieved with
activated akynes. For example, 4-methyloxazole (199) reacts with dimethyl
acetylenedicarboxylate (200) to provide dimethylfuran-3,4-dicarboxylate (203) via the

nonisolable adduct 201 (Scheme 36). The first step is a[4+2] cycloaddition reaction and

the second a [4+2] cycloreversion reaction. The fact that cycloreversion is not a retroaction

of thefirst step is due to the formation of thermodynamically stable acetonitrile and furan
products.
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Scheme 36. Diels-Alder Synthesis of Furans
3. The synthesis of thiophenes®™®°

The proposed retrosynthesis of thiophenes can be worked out in principle by
analogy to that of furan. The frequently used methods are given in the following.
(1) The simplest approach is ‘sulfurization’ followed by cyclization and dehydration of
1,4-dicarbonyl compounds 161 analogous to the Paal-Knorr synthesis of furan (Scheme
37). This cyclocondensation is carried out with P,S,, or H,S, and furnishes 2,5-
disubstituted thiophenes.

Scheme 37. The Paal-Knorr Synthesis of Thiophenes

(2) Fiesseilmann synthesis.  1,3-Dicarbonyl compounds or g-chlorovinyl adehydes react
with thioglycolates or other thiols possessing a reactive methylene group to give the
thiophene-2-carboxylic esters 208 in the presence of pyridine (Scheme 38) . Initialy, a
formal vinyl substitution of the chlorine atom by Michadl addition takes place, followed by

loss of HCI to give the intermediate 207. Finaly, cyclization occurs by an intramolecular
aldol condensation.
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Scheme 38. The Fiesselmann Synthesis of Thiophenes

(3) In the Gewad synthesis, the a-methylene carbonyl containing compounds undergo
cyclocondensation with cyanoacetic ester or malononitrile and sulfur in ethanol in the
presence of morpholine to give 2-aminothiophenes 212 (Scheme 39). Initidly, a
Knoevenagel condensation between the carbonyl compound and the reactive methylene
group takes place. The a,B-unsaturated nitriles 211 that are formed are cyclized by the
sulfur, probably viathe sulfanyl derivatives of 211 as intermediates.

R! OOEt
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Scheme 39. The Gewald Synthesis of Thiophenes

(4) In the Hinsberg synthesis. the 1,2-dicarbonyl compounds can be made to cyclize with
thiodiglycolic acid esters 214 under base catalysis (Scheme 40). This widely applicable
and high-yield synthesis leads to p-substituted thiophene dicarboxylic esters 215 via a
double adol condensation with the two CH, groups of 214. Hydrolysis and
decarboxylation of the estersyield 3,4-disubstituted thiophenes 216.
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Scheme 40. The Hinsberg Synthesis of Thiophenes
4. The synthesis of imidazoles

(1) The retroanalysis for the synthesis of imidazole analogs™®

Theimidazole system possesses the functionality of an amidine on C-2 and that of
a 1,2-enediamine on C-4/C-5. Retroanalysis should, therefore, consider two approaches
(Scheme 41):

Route | leads via the retrosynthetic operations a and b to the a-acylaminocarbonyl
system 219. This suggests NH, or a primary amine as starting materials. According to
route 11, addition of H,O (pathway c) leads to intermediate 220 which can be further
dissected in line with the retroanaytical scheme. Route d points to an a-halo- or a-
hydroxycarbonyl compound and amidine, whereas route e suggests an a-aminoketone and
acid amide or nitrile as starting materials.

57



H route | route |l

H
N +H20 + H,0 N’
j\ ) J or
et Y = O)<
218 217
bﬂ -NH3 / ﬂe
NH o o)
S0 GV S G
+
00 X H,N NH, O)\

219 162 222 166 221
X = halogen or OH

Scheme 41. The Retrosynthesis of Imidazole
(2) Some practical methods for the synthesis of imidazoles

(2) 1,2-Dicarbonyl compounds undergo cyclocondensation with ammonia and aldehydes to
form imidazole derivatives 214 (Scheme 42).

RL_O Q
I + 2NH3 + R2c-H _3H20 )\RZ

214

Scheme 42. The Synthesis of Imidazole (1)

(2) Imidazoles 223, with a variable substitution pattern (Scheme 43), are obtained from a-
halo or a-hydroxyketones 215 and amidines 222.
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Scheme 43. The Synthesis of Imidazole (2)

Imidazoles 225 unsubstituted in the 2-position are obtained from o-hydroxyketones 215
and formamide (224) (Scheme 44).
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Scheme 44. The Synthesis of Imidazole (3)

(3) a-Aminaoketones can be condensed with cyanamide (226) to form 2-aminoimidazoles
227 (Scheme 45).
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Scheme 45. The Synthesis of Imidazole (4)

(4) Aldimines 228 react in the presence of K,CO, with tosylmethylisocyanide (229) to
form 1,5-disubstituted imidazoles 230 (Scheme 46). The carbanion formed from
tosylmethylisocyanide adds to the aldimine. The addition product cyclizes to give 4,5-
dihydroimidazoles 230, which eliminate p-toluenesulfinic acid to give the imidazoles.
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Scheme 46. The Synthesis of Imidazole (5)

2.2.2. The synthesis of 1-methyl-4-substituted-1,2,3,6-
tetrahydropyridines

Because the substrate properties of 1-methyl-4-(2-pyrrolyl)-1,2,3,6-tetrahydropyridine
(83)" and 1-methyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (84)'** ae
tremendoudly different, we decided to determine if the methyl group substituted at the 3'-
position of the pyrrole would also display this kind of effect and if the result could be
extended to other five-membered heteroarene analogs. A series of synthetic strategies has
been devel oped to achieve these molecules.

A. The synthesis of pyrrole analogs of MPTP

The initid effort was to prepare the 4-(3,4-dimethylpyrrol-2-yl) analog 237 (Scheme
47). Treatment 3,4-dimethylpyrrole’® first with n-butyllithium and then with ZnCl,
yielded the 3,4-dimethylpyrrol-1-yl znic chloride intermediate 234. Upon reaction with 4-
bromopyridine in the presence of Pd(PPh,),, the only product isolated from the reaction
mixture was 4-(3,4-dimethylpyrrol-1-yl)pyridine analog 235. None of the 4-(3,4-
dimethylpyrrol-2-yl)pyridineisomer 237 was formed. This result suggests that the steric
hindrance introduced by the methyl groups a the 3' or 4'-position of the pyrrole ring
controls the regiochemistry of the reaction and prevents reaction a the eectronicaly
favored a-position.”” Methylation of 235 using methyl iodide followed by NaBH,
reduction of the resulting pyridinium species 236 yielded the 1,2,3,6-tetrahydropyridinyl
product 96 which was purified as its oxalate salt.
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2 Reagents and conditions: (i) n-BuLi, THF; (ii) ZnCl,, THF; (iii) 4-Bromopyridine,
Pd(PPhy),; (iv) CHgl, acetone; (v) NaBH,, MeOH; (vi) H,C,0,4, Et,O.

Scheme 47. Synthetic Pathway to 1-Methyl-4-(3,4-dimethylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (96)

The starting materia 3,4-dimethylpyrrole 232 was prepared according to the reported
method.’® Ethyl carbamate (238) was treated with thionyl chloride (239) in the presence
of pyridine a low temperature to produce the N-sulfinyl compound 240 (Scheme 48).
Treatment of 240 with 2,3-dimethylbutadiene (241) yielded the cycloadduct 2-
ethylcarbonyl-3,6-dihydro-4,5-dimethyl-1,2-thiazine-1-oxide (242), which afforded 3,4-
dimethylpyrrole (232) in satisfactory yield upon heating in a concentrated potassium
hydroxide methanolic solution.
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Scheme 48. The Synthesis of 3,4-Dimethylpyrrole

Thefailureto obtain the 3,4-dimethyl analog 237 led to some caution with respect to
the selection of starting materials to synthesize the desired compounds. Having reviewed
the retroanalysis of pyrroles, we noticed that the Paar-Knorr synthesis is an attractive
approach. Treatment of 1,4-dicarbonyl compounds with primary amines leads to 1,2,5-
trisubstituted  pyrroles. If 4-oxo-(4-pyridyl)butanal derivatives with appropriate
substituents at the 3-position (Figure 12) could be obtained, they could be used to
synthesize the desired pyrrolyl analogs of MPTP. Because the Paar-Knorr method is
broadly applicable, it also might be used in the synthesis of furan and thiophene analogs.

N H
\ / Y

Figure 12. The Ring Precursor of Five-membered Heteroarenes

In general , a large number of synthetic methods for 1,4-dicarbonyl compounds is
available.'* Several methods for the synthesis of 4-oxoakanals and the aryl analogs
have been reported.™***° But these methods have not been applied to the 3-substituted-4-
oxo-(4-pyridyl)butanal analogs.

The first approach to the 4-oxo-(4-pyridyl)butanal system was developed as the
cyanide-ion-catalyzed Michad addition’® of 4-pyridinecarboxaldehyde (147) to a,p-

62



unsaturated adehydes (Scheme 49). For example, the ring precursor 3-methyl-(4-
pyridyl)butana (244) was obtained from the reaction of 4-pyridinecarboxadehyde with
crotonaldehyde (243) using potassium cyanide as a catalyst (Scheme 49). This method
was originaly used to synthesize 1,4-diketones. When it was employed to prepare 3-
methyl-4-oxo-(4-pyridyl)butanal in our case, the reaction did not stop at the expected stage.
The desired 3-methyl-(4-pyridyl)butanal underwent self condensation or reaction with the
starting materials resulting in low yields and difficulitiesin isolation.

CHO CH3
Hs ; —
_ H CHO O O
N
147 243 244

Scheme 49. The Synthesis of 3-Methyl-(4-pyridyl)butanal by Michael Addition

The second approach to the 4-oxo-(4-pyridyl)butana was developed via the oxidation
of theintermediate 4-oxo-(4-pyridyl)-1-butanol, which can be synthesized by the addition
of 4-pyridyllithium to y-butyrolactone. For example, treatment of 4-bromopyridine with n-

butyllithium in ether at -78 °C afforded 4-pyridyllithium 245 which upon reaction with y-
butyrolactone 246 vyielded the corresponding 4-oxo-4-(4-pyridyl)-1-butanol (248)
(Scheme 50). Using the same method only starting from the 4-pyridinyllithium and ao-
methyl-y-butyrolactone (247) gives the 3-methyl-4-oxo-4-(4-pyridyl)-1-butanol (249).
After oxidation of the corresponding acohol with chromium trioxide in pyridine, the find
product of 3-methyl-4-oxo-4-(4-pyridyl)butanal (244) or 4-oxo-4-(4-pyridyl)butanal
(250) was obtained in reasonable yield and it is easy to purify.
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Scheme 50. The Synthesis of 4-Oxo-4-(4-pyridyl)butanals

The Paar-knorr dehydrative cyclization®"***?° in which the 3-substituted-4-(4-
pyridyl)butanal analogs 244 or 250 underwent reaction with ammonia or primary amines
generates the corresponding pyridinylpyrroles 251-256 (Scheme 51). Methylation of the
4-substituted pyridines with methyl iodide followed by NaBH, reduction of the resulting
pyridinium species 257-262 yielded the corresponding 1,2,3,6-tetrahydropyridinyl
products 97-102 which were purified as their oxalate salts .
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Reagents and conditions: a) R'NH,, CH3;OH, room temperature, 12h;
b) CHsl, room temperature; c) NaBH,, methanol, 0 c;
d) H,C,0O,, Et,O, room temperature.

Scheme 51. The Synthesis of the Pyrrolyl MPTP Analogs by Paar-Knorr Method (97-
102)

B. The synthesis of furan analogs of MPTP
The furan analogs of MPTP were synthesized either by the condensation pathway or

the Paar-Knorr cyclization reaction.
The route to the 4-(3-methyl-2-furanyl) analog 103 (Scheme 52) was based on the
observation reported by Kondo et al. that unsaturated 5-membered lactols are converted to
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the corresponding furanyl derivatives under acidic conditions.”® The addition of 4-
pyridinyllithium to 3-methyl-(5H)-2-furanone (263) followed by the hydrolysis generated
the unsaturated lactol intermediate 264 which was very unstable and could not be isolated
(Scheme 52). Treatment of intermediate 264 with H,SO, in THF gave the dehydrated
compound 4-(3-methylfuran-2-yl)pyridine (265) which was purified asits oxdate salt. If
the reaction mixture containing 264 was quenched under basic conditions, the ring opened
product 267 was formed. Compound 267 was stable and underwent ring closure under
acidic conditions to give the 265. Methylation of 265 followed by NaBH, reduction of
the resulting pyridinium species 266 yielded the 1,2,3,6-tetrahydropyridinyl product 103
which was purified asits oxalate salt.
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2 Reagents and conditions: (i) THF, -78 "C, 4h, then room temperature, 24h;
(i) H,SO,in THF, -78 C; (iii) H,C,0, in Et,O; (iv) Ag. NaOH;
(v) CHagl, acetone; (vi) NaBH,, CH3OH; (vii) H,C,O,in Et,0.

Scheme 52. The Synthesis of 1-Methyl-4-(3-methylfuran-2-yl)-1,2,3,6-
tetrahydropyridine (103)

The synthetic pathway for the preparation of the 1-methyl-4-(3-ethylfuran-2-yl)-
1,2,3,6-tetrahydropyridine (104) is given in Scheme 53. Treatment of y-butyrolactone

(246) in THF at -78 °C with lithium diisopropylamide and then with an excess of ethyl

iodide (245) in the presence of hexamethylphosphoramide *** gave a-ethyl-y-butyrolactone
(268) in good yield. The addition of 4-pyridyllithium (245) to 268 followed by
hydrolysis yielded 3-ethyl-4-oxo-4-(4-pyridyl)butanol (269). The hydroxy group in 269
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could be oxidized to the corresponding aldehyde 270 by chromium trioxide in pyridine.
This product underwent intramolecular addition and g-elimination under acid conditions to
afford the 4-(3-ethylfuran-2-yl)pyridine (271). The resulting 4-substituted pyridine 271
was converted to the required tetrahydropyridine 104 by NaBH, reduction via the
corresponding N-methylpyridinium intermediates 272.

OH H
(0]
@)
& H2CHg CHsCH3 CH3CH5
c,d _e_
o a, b N AN
o oo T | |
/ N/
N
269 270

246 268

CH3CH; CH3CHZ ™\ CHiCH X
44144, = | g = | 4J1L4> X
N W
N1 N
CHg3 CHs
271 HyCx0, 272 104 HCaO
224

Reagents and conditions: a) LDA; b) HMPA/CH3;CH,l; c) 4-pyridinyllithium; d)H,O; e)
Cr30 / pyridine; f)H,SO,, H,O/THF, 55 oc; g) CHgl, room temperature; h) NaBH,,
methanol, 0 °C; i) H,C,0,, Et,O, room temperature.

Scheme 53. The Synthesis of 1-Methyl-4-(3-ethylfuran-2-yl)-1,2,3,6-
tetrahydropyridine (104)

In the same way, 4-(3-methylfuran-2-yl)pyridine (264) was synthesized as described
in Scheme 53 except that o-methyl-y-butyrolactone (247) was used as the sarting
material.

C. The synthesis of thiophene analogs of MPTP

Two ways have been developed to prepare the thiophene analogs of MPTP-- the cross-
coupling method and the Paar-Knorr cyclization method.
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The synthesis of 4-(3-methyl-2-thionyl)pyridine (275) was achieved by a cross-
coupling reaction between 4-bromopyridine and the zinc salt 274 of 3-methyl-2-thiophene
in the presence of Pd(PPhs), (Schemes 54). The formation of 3-methylthiophen-2-yllithium
and zinc chloride intermediates must be carried out a low temperature (starting a -78 °C
and then the temperature was increased to room temperature slowly). Otherwise, these
intermediates underwent polymerization. The resulting 4-substituted pyridine, 275, was
converted to the required tetrahydropyridine by NaBH, reduction of the corresponding N-
methylpyridinium intermediate 276 to give the 1-methyl-4-(3-methylthiophen-2-yl)-
1,2,3,6-tetrahydropyridine (105).

CH3 CH3

d i i i ch Y
[\ —_ [\ —
g~ Br ZnCl iv =z i
N\
213 274 N
275HC 04
cHe N\ S CHy X\ S
Vv Vi
= | vii N
X+ . Il\l
CHs CHs
276 105HL Oy

3 Reagents and conditions: (i) n-BuLi, THF, -78 °C; (ii) ZnCl,, THF; (iii)
4-bromopyridine, Pd(PPhs),, THF; (iv) H,C,0,, Et,O; (v) CHsl, acetone;
(vi) NaBH,, MeOH; (vii) H,C,0,, Et,O.

Scheme 54. Synthetic Pathway to 1-Methyl-4-(3-methylthien-2-yl)-1,2,3,6-
tetrahydropyridine (105)

The synthesis of 1-methyl-4-(3-ethylthiophen-2-yl)-1,2,3,6-tetrahydropyridine (106)

was achieved via a similar way Scheme 55). Sulfurization of the 3-ethyl-4-oxo-(4-
pyridyl)butanal (270) with P,S,,;** followed by the cyclizing dehydration yielded the 4-(3-
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ethylthiophen-2-yl)pyridine (277) which was converted first to the N-methylpyridinium
sdt 278 by methylation with methyl iodide which then was reduced by NaBH, to the 1-
methyl-4-(3-ethylthiophen-2-yl)-1,2,3,6-tetrahydropyridine (106).

H
8 CH3CHy XS CH3CHy X, > CHaCHy NS
CH3CH3 a _ b %% c,d X
X N | N+t |
| N N™ I N
Pz | |
N CHs CHs
270 277 278

106 H,Cp04

Reagents and conditions: a) P,Ss, toluene, 100 oc;
b) CHsl, room temperature; c) NaBH,, methanol, O oc;
d) H,C,0,, Et,O, room temperature.

Scheme 55. The Synthesis of and 1-Methyl-4-(3-ethylthien-2-yl)-1,2,3,6-
tetrahydropyridine (106)

D. The synthesis of imidazole analogs of MPTP

The reaction of n-butyllithium with commercialy available 1-methylimidazole (279)
afforded 1-methylimidazol-2-yllithium (280), which in turn was added to the 1-methyl-4-
piperidone (124) (Scheme 56). After the hydrolysis of the adduct, 4-(1-methylimidazole-
2-yl)-4-piperidinol (281) was produced. However, the attempts to bring about the normal
acid catalyzed dehydration (HCI/HOACc or dilute H,SO, solution, reflux) of 281 failed.
Attempts to functiondize the piperidinol hydroxy group as a tosylate or mesylate also
failed. Finaly, it was found that this compound can be dehydrated in concentrated
phosphoric acid (85% H,PO, : H,O = 4:1) at 100 °C to give 1-methyl-4-(1-methylimidazol-
2-yl)-1,2,3,6-tetrahydropyridine (107) which was purified as dihydrochloride salt.
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@ Reagents and conditions. (i) n-BuLi, THF, room temperature; (ii)
1-methyl-4-piperidone, -78 °C; (iii) H3PO,:H,0=4:1, 100 °C;
(iv) HCI gas, Et,0, room temperature.

Scheme 56. Synthetic Pathway to the Dihydrochloride Salt of 1-Methyl-4-(1-
methylimidazol-2-yl)-1,2,3,6-tetrahydropyridine (107)

2.3. Enzymology

The MAO-B (0.09 pM) substrate properties of the newly synthesized
terahydropyridines 96 - 107 (100-500 uM) were examined using enzyme purified from
beef liver. In each case, the time dependent increase of a chromophore consistent with that
expected for the corresponding dihydropyridinium metabolite was observed. The enzyme
kinetic parameters of the test compounds then were determined by estimating the initia
rates of formation (first 120 seconds) of the dihydropyridinium metabolites at initia
substrate concentrations that bracketed the K, for that substrate. Since not dl of the
dihydropyridinium metabolites were available as synthetic standards, rates of product
formation were approximated using € values for the structurally related compounds
identified in the Table 1 footnotes. The plots of the initial velocities vs substrate
concentrations were linear in al cases as were the corresponding double-reciprocal plots
(Figure 13-24) from which k. and K., were calculated (Table 1). The k.4/K., values,
used to estimate the relative substrate properties of this series of compounds, covered the
range of 17 to 11,000 (minmM)™.
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Figure 13. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-
(3,4-dimethylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (96)
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Figure 13. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-
(3,4-dimethylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (96)
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Figure 15. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
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Figure 16. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(1-isopropylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (99)
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Figure 17. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(1-cyclopropylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (100)
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Figure 18. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(3-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (101)
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Figure 19. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(1,3-dimethylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (102)
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Figure 20. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(2-methylfuran-2-yl)-1,2,3,6-tetrahydropyridine (103)
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Figure 21. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(1-ethylfuran-2-yl)-1,2,3,6-tetrahydropyridine (104)
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Figure 22. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(1-methylthiophen-2-yl)-1,2,3,6-tetrahydropyridine (105)
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Figure 23. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(1-ethylylthiophen-2-yl)-1,2,3,6-tetrahydropyridine (106)
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Figure 24. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(1-methylimidazol-2-yl)-1,2,3,6-tetrahydropyridine (107)
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Table 1. Kinetic Parameters for the MAO-B Catalyzed Oxidations of 1-Methyl-4-
substituted-1,2,3,6-tetrahydropyridines and MPTP.

C-4 Substituent A, (nm)° K., (min)* K., (mM) k. /K.,
(min'mM™)
C.H. (69)° 343 270 0.2 1350
2-C,H,-1-CH,(1,3)N (107)° 383 13 0.7 17
2-C,H,N (83)° 424 85 1.8 460
2-C,(1-CH,)H,N (84)° 420 360 0.2 1800
2-C,(1-CH,CH,)H.N (97)° 420 360 0.16 2210
2-C,(1-CH,CH,CH,)HN 421 209 0.38 557
(98)°
2-C,(1-CH,(CH,),)H.N (99)° 422 121 1.28 94
2-C,(1-cyc-C,H)H.N (100)° 420 418 0.14 2878
1-C,(3,4-CH,),H,N (96)° 381 309 0.2 1510
2-C,(3-CH,)H.N (101)° 432 640 0.92 690
2-C,(1,3-CH,),H,N (102)° 436 430 0.3 1436
2-C,H,0(86)° 384 31 0.2 155°%
2-C,(3-CH,)H,0 (103)° 399 348 0.04 8620
2-C,(3-CH,CH,)H,O (104)° 399 336 0.03 11000
2-C,H,S(85)" 386 60 0.2 300%™
2-C,(3-CH,)H,S (105)" 400 337 0.05 6690
2-C,(3-CH,CH,)H,S (106)* 393 222 0.04 4892

Estimated using £=16,000 M, the value for the perchlorate salt of the 1-methyl-4-phenyl-

2,3-dihydropyridinium species™; PEgimated using €=24,000 M™*, the vaue for the
perchlorate salt of the 1-methyl-4-(1-methylpyrrol-2-yl)-2,3-dihydropyridinium species 91,
“Estimated using £€=23,000 M, the value for the perchlorate sdt of the 1-methyl-4-(2-

furanyl)-2,3-dihydropyridinium species; Yegfimated €=18,800 M™, the vaue for the
perchlorate salt of the 1-methyl-4-(thiophen-2-yl)-2,3-dihydropyridinium species.”
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2.4. Discussion

As observed earlier, electron donating heteroarene analogs are, in general, better
substrates than anal ogs bearing the electron withdrawing heteroarene. For example, the N-
methylpyrrolyl analog 84 is a much better substrate than the N-methylimidazoyl analog
107. Comparisons of the substrate properties of analogs 86 vs 103 and 85 vs 105,
however, emphasize the importance of steric effects on the rates of the MAO-B catdyzed
oxidations within this series of compounds. The introduction of the methyl group a C-3
of the thienyl and furanyl groups increases the k, values and decreases the K, values so
that the overall substrate properties, as measured by k /K., increase by a factor of 22 for
the thienyl compound and 55 for the furanyl compound. The dight bathochromic shifts in

the A, vaues for the dihydropyridinium metabolites suggest increased electron

delocalization of the heteroaryl electonsinto the 6-membered ring but it seems unlikely that
such a nomina electronic effect could account for the dramatic increase in the substrate
properties of the methylated analogs. Furthermore, comparison of the substrate properties
of the NCH,-2-pyrrolyl analog 84 and the NH-2-pyrrolyl analog 83 shows an analogous
trend with thek /K, value for the methylated analog being 39 times greater than that of the
NH compound. Inthiscasethe) ., valuefor the NH compound is at alonger wavelength
than that of the NCH, compound.

We have attempted to explore further the influence of steric and electronic effects of the
pyrrolyl analogs with the aid of compounds 101 and 102. It appears that factors other
than steric and electronic may contribute to the interactions of these compounds with the
enzyme. Note that, even though the k_, values for these two analogs are similar, the
presence of a hydrogen atom on the pyrrolyl nitrogen atom (compound 101) appears to
lead to unfavorable interactions with the active site since the K, value increases by a factor
of 3relative to the NCH, analog. Alternatively, one could argue that the N-methyl group
of 102 leads to favorable active site interations. This effect also is observed with analog
83 which has an exceptionally high K, value (1.8 mM) compared to the structurally similar
compounds 84, 85, 86 and 102 (K,, = 0.2, 0.2, 0.2, 0.3, respectively). In the case of
96, the nitrogen atom is connected directly to the tetrahydropyridine. This compound, aso
lacking an NH group, exhibits the same substrate properties as those observed with analog
102. These data lead us to speculate that, in addition to steric and electronic effects,
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unfavorable polar interactions with the NH group may influence the substrate properties of
compounds in this series.

The ), values of the putative dihydropyridinium species of al these compounds
with different alkyl groups substituted on the ring of the N-pyrrolyl , furanyl and thienyl
series displayed similar conjugations. It is reasonable to conclude therefore that the change
of substrate propertiesis caused mostly by the steric feature of the substituted alkyl groups.

In the pyrrole system, when a methyl or ethyl or cyclopropyl group is substituted at
1'-position of the pyrrole ring, the k_ /K, values are much higher than that observed with
the N'-H analog 83. Thisisdue both to an increase in k, and decrease in K, However,
further lengthening of the side chain to three carbon atoms (98) leads to a decrease in k,
and increase in K. In the case of N'-isopropyl analog 99, interestingly, athough the
length of the side chain is not longer than ethyl group, the branched chain caused a dramatic
drop in k /K. Thusk_/K,, in this series follows the order 1-cyclopropyl (100) > 1
ethyl (97) > 1'-methyl (84) > 1-propyl (98) > 1-isopropyl (99) > 1'-hydrogen (83).
These data suggest that the active Site of the enzyme is very senditive to the size and shape
of the alkyl groups substituted at 1'-position of the pyrrole ring.

Both the furanyl and thienyl rings have a pentagon shape as with the pyrrole ring.
We observed the same phenomenon with al these heteroarenes. A methyl or ethyl group
substituted at the 3-position of the furan or thiophene ring leads to an increase in k, and
decreaseinK,,,. In fact, 1-methyl-4-(3-ethylfuran-2-yl)-1,2,3,6-tetrahydropyridine (104)
is the most active MAO-B substrate we ever synthesized. In the furan series, the kK /K,
values follows the order 3-ethyl (104) >3-methyl (103) >3-hydrogen (86). In the
thiophene series, the k_/K,, follows the order 3-methyl (105) > 3-ethyl (106) > 3'-
hydrogen (85).

These results indicate that steric factor plays an improtant role in determining of the
substrate propertiesin this series. The methyl or ethyl group substituted at 1- or 3-position
of the five-membered heteroarenes |eads to a high substrate activity.

The results of these studies as well as those reported previously suggest that a variety
of factors contribute to the MAO-B substrate properties of 4-substituted 1-methyl-1,2,3,6-
tetrahydropyridinyl derivatives. Although, in general, electron donating substituents often
improve the k_/K,, values, steric and, perhaps, polar factors appear to dominate the
substrate interactions with the enzyme.
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Chapter 3. Deuterium isotope effect studieson the MAO-
catalyzed oxidation of MPTP analogs

3.1. Introduction

3.1.1. Kinetic isotope effects

A kinetic isotope effect is the expression of the ratio between the rate of reaction
with an unlabelled molecule and the rate of reaction with a molecule containing a heavy
isotope. Isotope effects have been used for many years to study the mechanisms of
enzymatic and nonenzymatic reactions. |sotopic substitution has offen involved replacing
protium by deuterium or tritium. Any C-H bond has characteristic vibrations which impart
zero-point energy to the molecule in its normal state.*” The energy associated with these
vibrations is related to the mass of the vibrating atoms. The deuterium has greater mass
than that of protium, therefore, the vibrations associated with a C-D bond contribute less to
the zero-point energy than do those of the corresponding C-H bond. For this reason,
substitution of protium by deuterium lowers the zero-point energy of a molecule (Figure
25).

For a reaction involving cleavage of a bond to hydrogen (or deuterium), a
vibrational degree of freedom in the normal molecule is converted to a trandational degree
of freedom on passing through the trandation state. The energy difference due to this
vibration disappears at the transition state.”*® If the transition state is symmetrical, it has the
same energy for the protonated and deuterated species. Since the deuterated molecule has
the lower zero-point energy, it is necessary for it to have a higher activation energy to reach
the same trangition state. Therefore, the rate in the rate-determining step of the reaction for
these two species are different (Figure 25).
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transition state

Figure 25. Differing Zero-Point Energies of Protium- and Deuterium- Substituted
Molecules as the Cause of Primary Kinetic | sotope Effects When Their Transition Stateis
Symmetrica

There are two kinds of kinetic isotope effects. primary and secondary kinetic
isotope effects.

Primary kinetic isotope effects are those in which a bond to the isotopically
substituted atom is broken or formed in the rate-determining step. Primary isotope effects
provide two pieces of information about a reaction mechanisms. First, the existence of a

substantial isotope effect (k. /k, = 2) is strong evidence that the bond to the isotopically

substituted hydrogen atom is being broken or formed in the rate-determining step.
Secondly, the magnitude of the isotope effect provides a qualitative indication of where the
transition state lies with respect to product and reactant. A relatively low primary isotope
effect impliesthat the bond to hydrogen is either only dightly or nearly completely broken
at the trangition state whereas the nearly maximum theoretical value is a good evidence that
the transition state involves strong binding of the hydrogen to both its new and old bonding
partner_125-127

Secondary isotope effects are those in which no bonds are made or broken to the
isotopic atom during the reaction, but where the strength of bonding changes between
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reactant and trandtion state. The strength of the bond may change because of a
hybridization change or a change in the extent of hyperconjugation. For example, if an sp*-
hybridized carbon is converted to an sp” center as reaction occurs, a hydrogen bound to the
carbon will experience decreased resistance to C-H bending. The freeing of the vibration
for aC-H bond is greater than that for a C-D bond because the C-H bond is dightly longer
and the vibration therefore has a larger amplitude. This will result in a normal isotope
effect.

3.1.2. The application of isotope effects to enzyme-catalyzed reactions
A simplified enzyme-catalyzed reaction model*?® is given in Scheme 57.

k k
k K K

Binding step  Catalytic step Product releasing step

E+S

Scheme 57. The Simplified Enzyme-Catalyzed Reaction Model

Thefirst step isthe binding of substrate to enzyme, governed by the rate constants
k, and k,. The second step is the transformation of the substrate to the product (catalytic
step), governed by first-order rate constants k, and k,. For irreversible catalysis, k, is set
equal to zero. Thethird step is the dissociation of product from the enzyme, governed by
the first-order rate constant k.. Since initid velocity conditions are assumed, the
concentration of product [P] is assumed to be zero and thus the rate of the reaction
governed by k, isalso zero. Steady-state kinetic analysis assumes that the concentration of
the enzyme-substrate complex remains nearly constant. The rate equation for this reaction
is given in eg. 3,"° from which the kinetic expression for V__, K and V,__/K_ may be
derived (eq 4-6).®
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Ky K3 Ks[S]

T ke (kotkg) Tk (ks +kg)s] O

k-k
V= _—— (4)
K3 + Ks
ke (ko + k
K. = 5 (Ko + k3) )
ky (k3 +Kks)
k. k
V.. JK. = 173
max m k1+k3 (6)

Therefore, if the isotopic substitution exerts a specific effect on the binding step,
we should observe the isotope effect in V /K, but not V__; substitution which alters the
catalytic step will be expressed in both V., and V, /K ; that which affects the product
releasing step will be expressed in V, but not V /K. . The Michaglis constant K is
related to the kinetic constantsin all the three steps and thus is useless for interpretation of
isotope effects.

3.1.3. The deuterium isotope effect studies on MPTP analogs

A. Regioselectivity of the MAO-catalyzed oxidation of MPTP analogs

It wasinitialy proposed that the oxidation of MPTP (67) to the dihydropyridinium
metabolite 68 could result from direct attack at C-6 or from initial attack at C-2'*° followed
by rearrangement of the isomeric 2,5-dihydropyridinium intermediate 282 to 68 via the
free base 283 (Scheme 58, a).
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Scheme 58. The Regioselectivity of MAO-Catalyzed Oxidation of MPTP

Liquid secondary ion (LSI) mass spectral analysis of the a-cyano adduct 286,
derived from a 60-min MAO-B incubation mixture of MPTP-d, (284) which had been
treated with NaCN, indicated that the formation of MPDP" occurs exclusively from
oxidation of MPTP a C-6'® (Scheme 58, b). Since no significant amount of 288 was
found. Therefore, it was concluded that the isotope effect measurements will not be
complicated by metabolic switching to the C-2 position.'”

Our recent studies showed that the MPTP analogs bearing heteroaryl groups a the
C-4 position exhibit different substrate activities. Sometimes, a small modification of the
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structure may cause a dramatic change in substrate properties. For example, the 1-methyl-
4-(3-methylfuran-yl)-1,2,3,6-tetrahydropyridine  (103) is an excdlent substrate.
However, its  sructurdly  smilar  analog 1-methyl-4-(2-furanyl)-1-2-3-6-
tetrahydropyridine( 86) is a poor substrate.”* When we use the values of k /K, to
compare these substrate properties, we assume that the cataytic step of the enzyme-
catalyzed reaction is rate-determining. The great change of the substrate property of these
MPTP analogs have prompted us, however, to consider the possibility that the rate-
determining step changes from one substrate to the other. When the substrates are oxidized
to their dihydropyridinium metabolites, the products may exhibit different affinities to the
enzyme. If the affinity is high enough, the product releasing step may become rate-
determining. If this were true, we would lose the correct standard for the comparison of
the substrate activities. Therefore, we synthesized the regioselectively deuterated analogs
of both good and poor substrates and examined their isotope effects.

103 R=CHs
86 R=H

B. Stereoselectivity of MAO-catalyzed oxidation of MPTP analogs

Researchersredlized long ago that the MAO-catalyzed oxidation of some amines is
stereoselective. It was found in the 1960s™, that there was a significant difference in the
enzyme-catalyzed (rat liver monoamine oxidase) oxidation of asymmetricaly labelled
tyramine. Theratio kJ/k was 2.3 clearly establishing that the prochiral hydrogen atoms in
tyramine (287) are not equivalent for the enzyme.
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It was also observed that the absolute stereochemistry is involved in the eimination
of R-hydrogen during dopamine oxidative deamination catalyzed by both MAO-A and
MAO-B from different sources.™

It has been suggested that the MAO-B catalyzed a-carbon oxidation of MPTP may
be stereosdlective, since the C-6 position of MPTP is prochira. ClI mass spectrd
deuterium content analyses establisned that the d,/d, product ratio of the incubation
mixtures of (R, §-MPTP-d, decreased from approximately 1.5 a 10 min to 1.1 a 60
min.”® These dataindicate that the enantiomeric composition of the substrate changes with
time due to the stereoselective loss of one of the enantiotopic hydrogen/deuterium atoms.
However, an accurate assessment of the stereoselectivity of MAO-catalyzed oxidation of
MPTP analogs was unclear because synthetic difficulties prevented the preparation of
highly stereoselectively deuterium labelled MPTP analogs.™*

3.2. The regioselectivity studies of the MAO-catalyzed
oxidation of MPTP analogs

3.2.1. The synthesis of the regioselectively deuterated MPTP analogs
The synthetic pathways for the deuterated analogs of 296-298 are given in Scheme
59.
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Conditions: a) NaOH, K3Fe(CN)g, 0 °C; b) LS-selectride, -78 °C;
c) K(t-BuO); d) LIAID,, ether; e) H,C,O,, ether.

Scheme 59. The Synthesis of Deuterated Analogs of 1-Methyl-4-(3-methylfuran-2-yl)-
1,2,3,6-tetrahydropyridine and 1-Methyl-4-(2-furanyl)-1,2,3,6-tetrahydropyridine

Treatment of the 1-methyl-4-subgtituted pyridinium iodide (266) and (289) with
the potassium ferricyanide (111) and potassium hydroxide at 0 °C in water***** gfforded the
corresponding 1-methyl-4-substituted-2-pyridones (290) and (291) respectively, which
upon reduction using LS-selectride a -78 °C produced the corresponding 1-methyl-4-
substituted-3,6-dihydro-2-pyridones (292) and (293), respectively. These 3,6-dihydro-2-
pyridones were converted into the corresponding 1-methyl-4-substituted-5,6-dihydro-2-
pyridones (294) and (295) by the reaction with potassium tert-butoxide.

The reduction of the 1-methyl-4-(2-furanyl)-5,6-dihydro-2-pyridone (295) and 1-
methyl-4-(3-methylfuran-2-yl)-5,6-dihydro-2-pyridone (294) using lithium auminium
deuteride yielded the 1-methyl-4-(2-furanyl)-1,2,3,6-tetrahydropyridine-6,6-d, (297) and
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1-methyl-4-(3-methylfuran-2-yl)-1,2,3,6-tetrahydropyridine-6,6-d, (296), respectively,
which were converted to their oxalates by the reaction with oxaic acid in ether. The
reduction of the 1-methyl-4-(3-methylfuran-2-yl)-3,6-dihydro-2-pyridone (292) using
lithium aluminium deuteride gave 1-methyl-4-(2-furanyl)-1,2,3,6-tetrahydropyridine-2,2-
d, (298).

The 1-methyl-4-(2-furanyl)pyridinium species 289 was obtained by the
methylation of 4-(2-furanyl)pyridine (301) with methyl iodide (Scheme 60). The pyridinyl
derivative 301 was synthesized through a cross-coupling reaction between 2-
furanyllithium (300) and 4-bromopyridine in the presence of Pd(PPh,),.

Br — e
=z | O
CO n-BulLi e SN p CHjsl = |
Pd(PPH SN
Ui ( 34 “ | [}| |
N CHs
299 300 301 289

Scheme 60. The Synthesis of 1-Methyl-4-(2-furanyl)pyridinium iodide

The 1-methyl-4-(3-methylfuran-2-yl)-1,2,3,6-tetrahydropyridine-1,1,1-d, (303)
was achieved by reduction of the 1-methyl-4-(3-methylfuran-2-yl)pyridinium-1,1,1-d,
iodide (302) with NaBH, (Scheme 61). The pyridinium starting material 302 was
obtained by the methylation of 301 using deuterated methyl iodide.

CHy N\ 0 o CHy X CH X\
3
y | _ | NaBH,4 _
Xt
N N )
CDs3 CD3
301 302 303

Scheme 61. The Synthesis of Deuterated 1-Methyl-4-(3-methyl-furan-2-yl)-1,2,3,6-
tetrahydropyridine-1,1,1-d,
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3.2.2. Enzymology results

Analysis of the kinetic isotope effects with their substrates was pursued to
determine the rate determining step in these reactions. In these experiments, both
tetrahydropyridines and their deuterated analogs were used as substrates of MAO-B.
Linear initial velocities vs substrate concentration plots and linear double-reciproca plots
were obtained for all the compounds (Figure 26-30). The kinetic dataare given in Table 2.
The kinetic isotope effects are given in Table 3.

0.009
= 0.008
S
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E 0.007
i= y = 3.1515e-3 + 0.13020x
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Figure 26. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(3-methylfuran-2-yl)-1,2,3,6-tetrahydropyridine-2,2-d, (298)
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Figure 27. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(3-methylfuran-2-yl)-1,2,3,6-tetrahydropyridine-6,6-d, (296)
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Figure 28. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(2-furanyl)-1,2,3,6-tetrahydropyridine (86)
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Figure 29. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(2-furanyl)-1,2,3,6-tetrahydropyridine-6,6-d, (297)
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Figure 30. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of 1-Methyl-4-
(3-methylfuran-2-yl)-1,2,3,6-tetrahydropyridine-1,1,1-d, (303)
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Table 2. Kinetic Parameters for the MAO-B Catalyzed Oxidation of the MPTP Analogs

Deuterated analogs K., (min)* K., (mM) k. /K.,
(min'mM™)
103 349 0.042 8271
296 137 0.086 1604
298 326 0.043 7603
303 270 0.073 3737
86 26 0.24 110
297 10 0.62 16

Estimated using €=23,000 M™, the value for the perchlorate salt of the 1-methyl-4-(2-
furanyl)-2,3-dihydropyridinium species.*

Table 3. Deuterium I sotope Effects Observed with the 1-Methyl-4-substituted-1,2,3,6-

tetrahydropyridines.
Deuterated anal ogous PKe) °(K,) P(k/K.)
296 2.6 0.49 5.2
298 1.1 0.98 1.1
303 1.3 0.58 2.2
297 2.6 0.39 6.9

3.2.3. Discussion

High, normal isotope effects were observed in k, and k_/K, with both
tetrahydropyridine-6,6-d, compounds 296 and 297. No significant isotope effects were
observed with the tetrahydropyridine-2,2-d, compound (298). Substantial, normal isotope
effects were observed in k., and k /K, with the compound 303.
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The substantial isotope effect observed with the compound with deuterated
substitution at 1-methyl group (303) was unexpected. During the oxidation, the

hybridization of the nitrogen atom changes from sp® to sp> This may cause the significant
increase of the -hyperconjugation of the deuterium atom with the p orbita of the nitrogen.
Therefore, a secondary isotope effect should be observed. The reason that the experimental
dataare alittle bit higher than the normal secondary isotope effect remains unclear. But this
data clearly indicates the formation of the nitrogen cation during this transformation.
Hydrogens a 2-position of the tetrahydropyridine may also lead to a secondary isotope
effect. However, because of the ring strain, the hydrogen atoms can not rotate as freely as
the hydrogens in methyl group. The smaller number of hydrogens at 2-position also will
lower the contribution of stabilization through p-hyperconjugation. These may explain the
small secondary isotope effect observed with 298. The fact that the isoptope effect for the
2,2-d, compound is very small argues that the isotope effects observed with 6,6-d,
compound are primary. Itis, therefore, concluded that the cleavage of the C-H bond at 6-
position of the 1,2,3,6-tetrahydropyrridine is rate determining for both good and poor
substrates. This meansthat the rate determining step does not change from poor substrates
to good substrates in this system.

3.3. The stereoselectivity of the MAO-catalyzed oxidation
reaction of MPTP

Our experiments have indicated that the cleavage of this C-H bond at 6-position of
the 1,2,3,6-tetrahydropyridine is rate-determining. The next question is if the enzyme
removes the prochiral hydrogen stereoselectively? Although there are severa methods
available for the incorporation of deuterium at the 6-position of the MPTP type molecules,
most of them lack stereosdectivity and some of them suffer from the incomplete
incorporation of deuterium. Furthermore, traditional methods are not always effective for
determining enantiomeric excesses (ee) of products which are chira only by virtue of an
isotope. Our synthetic strategy to obtain a high stereoselectively monodeuterated MPTP
analog is based on the akylation of heterocycles o to nitrogen. The anaytic Strategy
employsachira liquid crystal matrix NMR technique.
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3.3.1. Literature review

A. Synthetic strategies
1. The lithiation-substution sequences

Deprotonative lithiations are commonly used to generate enolates, ylides, and
dipole-stablized, locdized sp? or sp delocalized carbanions as reactive intermediates for
diverse applications.”* Beak proposed a sequence involving remova of a proton from
304 to give the formally sp® organolithium species 305*"*%® (Scheme 62). In the
prescence of chiral ligand, such as (-)-sparteine, or chiral auxiliaries, such as formamidines
or oxazolines, after initial complexation a regioselective or diastereoselective deprotonation

can occur. In an asymmetric deprotonation, the enantioenriched 306 or 306 L* retains its

configuration and reacts stereoselectively with electrophiles.”®® If 306 is produced in
racemic form, two different diastereosdlective pathways for asymmetric substitution are
available.® The pathway which involves selective formation of one nonequilibrating
complex is a dynamic thermodynamic resolution. If the diastereomeric complexes are in
rapid equilibrium, a pathway of dynamic kinetic resolution is followed.

Asymmetric Asymmetric
Deprotonation Substitution
H)\\LP L* E
o ‘ XY Y
omplex
Formation 306 08
5% Al
X>{ RLI/L Li L Dynam|c E
Y 305 Thermodynamic ,
304 Resolution E%”e?irg'c
‘ L*-Li p Resolution
BN B
Y Q\
307 v
309

Scheme 62. The Lithiation-Substitution Sequences

The akylation of heterocycles a to a nitrogen has been a focus of attention for
synthetic chemists for over 20 years.***'*? The strategy is to generate a carbanion adjacent
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to nitrogen. The activation of the nitrogen with a suitable electron-withdrawing group
would both increase the kinetic acidity of an a-proton and stabilize the configuration of the
carbanion by chelation (Scheme 62). This concept of preparing anions has been termed by
Beak as "dipole-stabilized" and has been the subject of considerable discussion.*

(e = (B e (L

N -X
X X H
310 312 \ 313
|
N iPr
a: x=N=0 e: x= j/
b: x=COAr tBuO

c: Xx=CH=Nt-Bu o
d: x=BOC f: x= \ND

iPr
Dipole
Stabilized
fpemeer- Anion Cpemeep-
[ Lkn L M
N~ L N7
X" -X
314 315

Scheme 63. Dipole Stabilized Carbanion a to Nitrogen

The eectron-withdrawing groups may be nitroso (a)***'*, amido (b)*>'4,
formamidino (c and €)™, urethyl (d)*"*** and oxazolinyl (f).****** Among these, the
chiral formamidines (e.g €)**" and chiral oxazolines (e.g f) have the most stereosglective
synthetic potentials. They aso exhibit different mechanisms.

2. The structures of a-aminocarbanions:

Although a-aminocarbanions have been known since 1965,**%° evidence that the
carbanionic carbon of secondary a-aminoorganolithiums could be stereogenic (i.e.,
tetrahedral instead of trigonal) was not provided until Fraser® and Seebach'® observed
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fundamenta differences between the chemica behavior of metdated nitrosamines and
amides (Scheme 64).

N . Ns,
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Ar=2,4,6-(iPr)sCeH, 319
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P

H

Scheme 64. The Chemical Behavior of Metalated Nitrosamines and Amides

Specifically, the akylation of a conformationally locked piperidinyl nitrosamine
(316) occured from the axial direction,’®** whereas asimilar lithiated amide afforded the
less stable,'®*'% equatoria substitution product 319.'°1%*  Since the equatorial isomer is
the less stable product, it seems reasonable to assume that the carbanion is configurationally
stable and that the Li-C-N-C=0 atomslie in an approximately equatorial plane.

Ab initio calculations aso indicate that there is a strong stereoelectronic preference
for the carbanion lone eectron pair (10-20 kcal/mol, depending on geometry)™ to remain
in the noda plane of the amide p-system, with the carbanionic carbon clearly pyramidal.
When a lithium atom is included, metaated esters'® and amides'® show an additiona
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stablization when the lithium is chelated to the carbonyl oxygen (13 kca/mol for esters and
28 kcal/mol for amides).

The sdngle crysta sructures of two  a-aminoorganolithium:  [a-
(dimethylamino)benzyllithium-diethylether], (320) and  S-a-(methylpivaloylamino)-
benzyllithium-sparteine (321) (Figure 31) have confirmed the pyramidalized carbanion

structure, 165167

“'Ae 7 C(\/\\m
N\ N
/ L'7<N/Me N\L.-‘

L|/ e S,Ph
Ph | Me \
Et,O u)*N\
B Me
320 321

Figure 31. The Structures of [a-(Dimethylamino)benzyllithium-diethylether], (320) and
Sa-(Methylpival oylamino)-benzyllithium-sparteine (321)

3. Chiral nitrogen activating groups:

In 1980, Meyers group reported'® that the achiral formamidine moiety was yet
another dipole stablized activating group that could be lead to the formation of a-
aminocarbanions which could be elaborated to a-alkyl amines. However, it was soon
recognized that the possibility existed to introduce a chira element into these formamidines
by smply affixing the appropriate group to the nitrogen. The opportunity may arise to not
only akylate a carbanion adjacent to nitrogen but to do so with attending absolute
stereochemistry (Scheme 65). These formamidine chira auxiliaries work very well when
the metalated carbon isalylic or benzylic.
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Scheme 65. The Lithiation-Substitution of Heterocyclic Formamidines

In 1981, Gawley introduced™® a chira oxazoline auxiliary whose performance is
comparable to that of the formamidines in benzylically activated systems.'® The oxazoline
auxiliaries also mediates deprotonation at nonactivated positions.™

4. Mechanisms of stereoselective transformations

A considerable amount of effort has gone into sorting out the factors responsible for
the high degree of stereoselectivity observed in these formamidine and oxazoline
akylations.

(1) Formamidine--bidentate complex:

Studies'®*™ showed that a) al deprotonations take place from the a-face, b)
alkylation on the secondary carbanions occurs from the p-face with very high selectivity
(>99%) and with net inversion of configuration of the C-Li bond, c), akylation on tertiary
carbanions occurs from the a-face with reasonably high sdlectivity (90-93%) with net
retention of configuration (Scheme 66).
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Scheme 66. The Mechanism of the Stereosel ective Alkylation of Heterocyclic Chiral
Formamidines

a. The depronation step:

It was shown that only the a-proton is removed when n-butyllithium is added to the
chiral formamidine isoquinoline 334'"*"? (Scheme 67).
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Scheme 67. The Asymmetric Deprotonation of the Chiral Formamidine Isoquinoline

This was explicitly shown when DMSO-d; was introduced into the lithiated
formamidine and gave the a-D product which was identical to an authentic sample of (R)-1-
D isoquinoline. However, when methyl iodide (or any other alkyl halide) was added to the
lithio salt, the alkyl group entered from the B-face to afford the S-enantiomer.

Of further interest is the fact that the deuterium aone was cleanly removed when the
mono-deutero isoquinoline was again treated with n-butyllithium-methyl iodide. Here the
product was the S-enantiomer, devoid of any deuterium and the methylated isoquinoline
produced in greater than 95% ee. The preference of the butyllithium mediated
deprotonation indicates that only the atom on the a-face of the isoquinoline is removable
regardless of whether it is proton or deuteron.

Thisinteresting behavior led to another experiment designed to confirm whether or
not an isotope effect was operating in the deprotonation step. A head-to-head competition
study was performed using an equimolar mixture of the deutero and protio chira
formamidines and 0.5 equivalents of n-butyllithium (Scheme 68). After 15 min the
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reaction mixture was quenched with excess methyl iodide and the mixture analyzed. The
results indicated that 50% yield of the methylated product contained no deuterium and the
recovered 50% of unreacted starting materials showed a 50-50 mixture of H and D
isoquinoline. Thus, the base completely ignored the presence of the stronger C-D bond
and deprotonated both compounds with equal facility. Since there was no measurable
isotope effect in the deprotonation of the a-face, the rate determining step must be in the
formation of the complex prior to deprotonation.

N (47%) (47%)
<™ (50+1% QQH
H 4 NvBE A
1:1 0.5 eq. N i H NvBE
: W + < 334
334 n-BulLi Me NVBE
| Mel 99% ee
~ 49+1%
N S L
H NVBE 336 o ﬁ
335 H NVBE
335

Scheme 68. The Rate-Determining Step vs . Deprotonation Step of Chiral Formamidines

b. The alkylation step

Even though deprotonation takes place from the a-face, alkylation occurs from the
B-face. Themajor clueto the akylation step came when it was shown that metalation of the
racemic methoxy formamidine, derived from tert-leucinol with excess sec-butyllithium and
followed by introduction of methyl iodide, gave the quaternary substituted isoquinoline
338 in 44% yield and with 85% diastereosal ectivity'”**™ (Scheme 69). Also obtained was
a 45% yield of the (R)-benzylisoquinoline 339 in greater than 98% ee. This showed
unequivocally that akinetic resolution had cleanly taken place and that only the enantiomer
that possessed a proton on the a-face was both metdated and alkylated with respectable
diastereoselectivity. It was the first example of a quaternary carbon being generated
adjacent to nitrogen with attending stereocontrol.
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Scheme 69. The Alkylation of the Lithiated Chiral Formamidines
(2). The oxazolines--monodentate complex
Evidence™'"™'"® was provided that the p-proton a& C-1 is indeed removed
stereoselectively but that the resulting anion is equilibrated to a thermodynamic mixture of

diastereomeric lithiated species and that the latter process accounts for the stereoselectivity
observed in the overall process (Scheme 70).
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Scheme 70. The Mechanism of the Stereoselectivity of Chiral Oxazoline Isoquinoline

Quenching lithiated (S)-340 with DMSO-d; a -78 °C and warming to room
temperature afforded 96:4 mixture of the two 100% deuteriated epimers with major epimer
341 a C-1 being S. However, if the lithiated (S)-340 was quenched with deuterium
oxide, a 1:1 recemic mixture of 341 and 343 was obtained. When 341 was deprotonated
at -78 °C and quenched with methyl iodide a the same temperature the methylated product
342 was obtained in 84% de but contained 50% deuterium.

Since the D/H ratio (1/1) is not the same as the diastereomer ratio (12/1), the
stereoselectivity observed in the overall akylation cannot be due to stereoselectivity in the
deprotonation step. In contrast, deprotonation and methylation of 343 at -78 °C afforded
about the same degree of asymmetric induction (82% ee) but the products contained 97%
deuterium.
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The selectivity of the deprotonation was explained by a conformationa preference
of the coordinated alkyllithium in which the butyl group is anti to the isopropyl (Figure
32).175

P

Figure 32. The Conformational Preference of the Coordination Compound Between
Butyllithium and Chiral Oxazolines

The stereosdlectivity in the deprotonation is determined quantitatively by the relative
rates of abstraction of the two protons, Ha and HB. This quantity, as well as the isotope
effect, can be calculated from the ratio of 6D/6H obtained from 341 and 343. The
caculationsyield areative rate of 5.8 and an isotope effect of 5.9.'">*"" Thus, when the
deuterium is up (asin 341), the stereosdlectivity of the deprotonation (loss of Dp favored)
is opposed by the kinetic isotope effect, which directs the base to Ha. The results is
deprotonation at both sites. In contrast, when the deuterium is down (as in 343), both the
stereoselectivity of the deprotonation and the isotope effect work in concert, directing the
baseto HB. Virtually complete retention of deuterium is observed.

The mechanism postulated to account for the observations'” is shown in Scheme
71.
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Scheme 71. The Lithiation-Substitution Sequence of Chiral Oxazoline Isoquinoline

The first step is the formation of a coordination complex. The butyl group is
oriented anti to the substituent on the oxazoline and is positioned for selective remova of
the Hp proton. It is the configuration of this coordination complex that accounts for the
stereoselectivity of the deprotonation. Proton loss then produces an equilibrating pair of
organolithium diastereomers 345 and 346, each of which is conformationally mobile.

Upon addition of an electrophile, 345 and 346 are converted to the mixture of
product diastereomers 347 and 348, respectively. The fact that al alkyl halides afford
347 as the mgjor diastereomer whereas DMSO-d,, affords 348 (R=D) suggests that one
mode of electrophilic attack occurs with retention while the other occurs with inversion.

There was no data on the structure of organolithium species or on the mechanism
for its reaction with electrophiles.
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B. Analytic strategies

There are severa methods to measure enantiomeric purity, such as optica rotation
measurements, gas chromatographic methods, liquid chromatographic methods and nuclear
magnetic resonance analysis. For compounds which are chird only by virtue of an
isotope, NMR methods play an important role. Several methods for enantiomeric analysis
using the NMR technique have been developed.'” In general, these methods are based on
the association of chiral compounds with chira reagents, producing new species which
exhibit different NMR spectrafor each enantiomer. These species may be diasterecisomers
formed through chemica binding with an enantiopure compound or molecular complexes
formed with lanthanide chiral shift reagents or chira solvating agents. A different approach
to enantiomeric analysis by NMR has been reported by Courtieu et al.*”**®*  They found
that dichloromethane solutions of poly(y-benzyl L-glutamate) (PBLG) can be used as a
chira deuterium NMR solvent to distinguish enantiomers.

The proton-decoupled spectrum of deuterium in an isotropic solvent consists of a
single line (Figure 32a). When the molecules are partidly oriented in a nematic liquid
crystal the average of the quadrupolar coupling becomes nonzero, which splits the line into
two. The separation of the signal each doublet is the quadrupolar splitting Av,,. In the
high-field approximation and assuming a negligible asymmetry parameter, this splitting is
proportional to the order parameter of the principal component of the electric field gradient
at the deuterium site with respect to the magnetic field.*®

_ 3 QpVep (1
vg = 330 <2_<3coszeZCD -1>>

where Q, is the deuterium quadrupole moment, V., is the electric field gradient
aong the C-D bond and 6”; is the angle between the electric field gradient and the external

magnetic field. The < > brackts denotes the average value over the anisotropic molecular
reorientations. If there is a difference in the molecular ordering between the R and S
enantiomers four lines should be observed in asingly labeled molecule (Figure 32a).
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Figure 32a. Schematic Proton Decoupled ?H NMR Spectra of a Monodeuterated
Racemic Molecule Dissolved in Various Solvents

The polypeptide chains exist in a helical conformation similar to that found with
biopolymers such as DNA or polysaccharides. The side chains, which branch from the
main helix, form a secondary molecular helical structure. The pitch of the rigid backbone is
that of the a helical conformation, while the pitch of the secondary helix varies in a
complex manner as afunction of the solvent and the temperature.'®

In isotropic solutions the anisotropy of the eectronic shielding (chemica shift
anisotropy), the dipolar and the quadrupolar interactions, of the different nuclei in the
molecule, average to zero due to rapid isotropic molecular tumbling. Consequently the
shifts or the splittings which arise in the NMR spectra due to these interactions cannot be
observed.®®** On the other hand, solute molecules embedded in any liquid-crystalline
system are partly ordered and consequently their NMR spectra exhibit al anisotropic
interactions,’® i.e., the anisotropy of the chemica shifts, the dipolar couplings and
quadrupolar splittings for spins larger than 1/2. This behavor is based on the fact that the R
and S enantiomers orient differently when dissolved in the PBLG/organic solvent liquid
crystals, which implies that the chemical shift anisotropies, the dipolar interactions, or the
quadrupolar interactions are different for each of them. The changes in orientation between
the R and Senantiomers reflect the variance in their interactions with the chiral polymer.
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3.3.2. The synthesis of stereoselectively monodeuterated MPTP analogs

A. Synthesis and attachment of the chiral oxazoline auxiliary

As previoudly reported,™ the chiral auxiliaries utilized in these sequences have
been almost always derived from amino acids which are reduced with various hydride
agents to the amino acohols. For example, the R-valine (349) can be reduced by lithium
aluminium hydride (Scheme 72) in THF to give R-valinal (350) in good yield. This amino
alcohol can be cyclized with diethyl carbonate to give the R-oxazolone 351. The O
alkylation of this oxazolone with Meerwein's reagent affords the ethoxyoxazoline 352. In
our hands, condensation of R-352 with 4-phenyl-1,2,3,6-tetrahydropyridine 353 afforded
(R)-1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,6-tetrahydropyridine
[(R)-354].

0

(CH3CH,0),CO0, OJ\NH
HoN., LiAIH, Hzﬁ’m NaOEt /

H™ COyH 2
2 o /,,

R-349 R-350 R-351
Bh Ph
Et AN AN
(C,Hs5)3;0BF, N~ 353 N
CH2C|2 (@) \N H
\/ - A
H*, CgHg QN
/- —/
R-352 /
R-354

Scheme 72. The Synthesis and Attachment of the Chiral Auxiliary

The structure of (R)-354 was determined by NMR and MS spectral analysis. The
'H NMR spectrum (Figure 33) indicates that the proton signals of the benzene ring appear
at 5=7.25t07.30. Thesearefollowed by the C-5 olefinic proton a & = 6.0. Because of
the existence of a chiral center at C-4’, the two methylene protons a C-5' in the oxazolyl
ring and the two methyl groups in the isopropyl group are therefore diastereotopic,
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consequently they both give separate resonances. Due to the coupling with 4'-H, we find
the signals of 5'-H astwo triplets centered at 5 = 4.3 and 5 = 4.0, respectively. Due to the
coupling with 1'-H, we find the signals of 2"-H astwo doublet at 5 = 0.85 to 0.97 region.
The signal of C-6 proton is observed at & = 4.0 with twice the intensity of C-5 proton. The
signal at & = 3.8 in the spectrum orignated from the proton at the chiral center of C-4'. The
multiplet at 5 = 3.6 in the spectrum is assigned to the two C-2 protons. The signa of C-3
protonsisfound at 5 = 2.5 and that of C-1" proton at 5 = 1.7.

Figure 33. The'H NMR spectrum of (R)-1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-
4-phenyl-1,2,3,6-tetrahydropyridine [(R)-354] (in CDCl,)
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In the *C NMR spectrum (Figure 34), we find 15 singlets. The total carbon atom
number in thismoleculeis17. Among them, the 2, 6 and 3,5 carbon atoms in benzene are
symmetrical. There are seven low field singlets, which correspond to the signals of the
phenyl carbons and ol€efinic carbons (C-4, C-5, C-2'). The eight singlets a high field
correspond to the akyl carbons (C-2, C-3, C-6, C-4’, C-5, C-1", C-2") in the molecule.

T T T
160 140 120 100 80 60 40 20 ppm

Figure 34. The ®*C NMR of (R)-1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-
1,2,3,6-tetrahydropyridine [(R)-354] (in CDCl,)

The above assignments are supported by the two-dimensiona heteronuclear (H, C)-
correlated NMR spectrum (Figure 35). The **C NMR spectrum obtained by projecting the
peaks onto the F,-axis is shown at the left-hand edge. We see here the 12 peaks belonging
to dl the carbon nucle that have directly-bonded protons. Three tertiary carbons (C-4, C-
2', C,-phenyl) do not give correlation peaks. The norma one-dimensional 400 MHz *H
NMR spectrum is shown a the top edge. The 2D spectrum contains peaks with the
coordinates 6.0/121, 4.0/45, 3.8/70, 3.6/42, 2.5/42, 2.5/27, 1.6/33, which are consistent
with a correlation between C-5 and 5-H, C-6 and 6-H, C-4’' and 4'-H, C-2 and 2-H, C-3
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and 3-H, C-1" and 1"-H, respectively. The peaks with the coordinates 4.3/70, 4.0/70 are
consistent with a correlation between C-5 and 5-H. The peaks with the coordinates
0.85/18, and 0.96/19 are consistent with a correlation between the protons and the carbons
of the two methyl groups.
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Figure 35. Thetwo-dimensiona heteronuclear (H, C)-correlated NMR spectrum of (R)-

1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl1-4-phenyl-1,2,3,6-tetrahydropyridine [(R)-
354] (in CDCl,)
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EI-MS spectrum (Figure 36) indicates several important fragment ions. The parent
peak M is a 270. Theion a m/z = 227 corresponds to the fragment ion in which the
molecule loses a propyl group [M-43] (Scheme 73). Also observed is the fragment ion a
m/z = 158, which corresponds to the loss of N-substituent. [97] ion accounts for the base
peak.

Figure 36. The MS spectrum of (R)-1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-
phenyl-1,2,3,6-tetrahydropyridine [(R)-354]
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Scheme 73. The Fragmentation of Compound 354

B. Lithiation and deuterium incorporation

1. Quenching reaction with DM SO-d,

The oxazoline (§-354 was lithiated with n-butyllithium at -78 °C in THF (Scheme

74). 20 min later, the reaction was quenched with DM SO-d; at -78 °C for 20 min and then

the temperature was allowed to increase to room temperature. However, TLC indicated
two close spots which could not be seperated well by column chromatography. NMR data
indicated that the major product (> 98%) was the diasteromeric mixture of 1-[4,5-dihydro-

4-(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,4-tetrahydropyridine-4-d,

deuterium substituted at the 4-position of the tetrahydropyridinyl ring, and the double bond

rearranged.
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Scheme 74. The Lithiation and Quenching with DMSO-d,

The structure of 357 was determined by the NMR and MS spectra analysis. The
'H NMR spectrum (Figure 38) indicates that the three signals a 5 = 6.0 (1H, C-5), 4.0
(2H, C-6), and 2.6 (2H, C-3) presenting the spectrum of 354 (Figure 33) have
disappeared. There are four new signals at 5 = 6.8, 4.8, 2.1, and 1.8 in the '"H NMR
spectrum of 357, each integrating for one proton. This indicates structure changes in the
tetrahydropyridinyl ring system.
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Figure 37. 'H NMR spcctrum of 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-
phenyl-1,2,3,4-tetrahydropyridine-4-d, (357) (in CDCl,)

In the *C NMR spectrum of 357 (Figure 38), again we find 15 signals. But this

time some of the peaks are doublets, indicating the compound is a mixture. Seven peaks
(phenyl and olefinic carbon) are at low field. Eight peaks (alkyl carbons) are at high field.
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Figure 38. The*C NMR spectrum of 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-
phenyl-1,2,3,4-tetrahydropyridine-4-d, (357) (in CDCl.)

With the two-dimensional heteronuclear (H, C)-correlated NMR spectrum of 357
(Figure 39), the 'H and **C spectra can be assigned on the basis of chemica shifts and
multiplicities. This spectrum contains a peak with the coordinate 4.8/105, which is
consistent with the correlation between a proton and an olefinic carbon.  Although we can
not determine which carbon with the signal at 5 = 126 is correlated with the proton with a &
of 6.8 because of overlaping, the 2D spectrum clearly indicates that this carbon signal is &
low field which means it is an olefinic carbon. In this case, there are two protons which
are connected with sp® carbons. The peaks with the coordinates of 2.1/30, 1.8/30 are
consistent with a correlation between the two protons and the same carbon atoms, which
meansthereis a methylene group. The splitting of the signal of the methylene protons in
the '"H NMR spectrum indicates these methylene protons are diastereotopic, which means
this carbon is connected to a chirad center. The two-dimensiona homonuclear (H, H)-
correlated NMR spectrum (Figure 40) clearly indicates coupling between the proton with a
signal at 5= 6.8 and that with asigna a & = 4.8. It also indicates coupling between the
proton with asignal a & = 2.1 and that with asignal a & = 3.6. In summary, these data
indicates that there are two olefinic protons and a chira center in the tetrahydropyridinyl
ring. All of these data support the structure of 357. The diastereomeric ratio of this
product could not be determined by *H NMR.
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Figure 39. Thetwo-dimensional heteronuclear (H, C)-correlated NMR spectrum of 1-
[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,4-tetrahydropyridine-4-d,
(357) (in CDCl,)
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Figure 40. The two-dimensional homonuclear (H, H)-correlated NMR spectrum of 1-
[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,4-tetrahydropyridine-4-d,
(357) (in CDCl,)
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The EI-MS spectrum of 357 (Figure 41) shows the parent peak M a m/z = 271
and apeak at m/z = 228, indicating the incorporation of one deuterium. The fragment ion
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involving loss of a propyl group [M-43] (m/z = 228) accounts for the base peak. The
absence of apeak at m/z = 227 isgood evidence that the deuterium incorporation is 100%.
The loss of the N-substitutent is also observed, leading to an ion at m/z = 159 ion. The
peak at m/z = 97 found in the spectrum of 354 has disappeared.

Figure41. The MS spectrum of 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-
1,2,3,4-tetrahydropyridine-4-d, (357)

A similar result of this kind of double bond rearrangement was also observed by
Gawley in the akylation of the lithiated (3,4-dehydropiperidino)oxazoline (358) (Scheme
75).° Inthis case, about 40% of the product was found to be the 4-substituted piperidine
359. HPLC analysis showed that the 2-substituted compound, 360, was a single
diastereomer.
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Scheme 75. The Alkylation of the (3,4-Dehydropiperidino)oxazoline

Many experiments, such as spectroscopic,’®*® X-ray crystallographic® and
computational studies™®** on the dlylic lithium compounds support the delocaized
structures (Figure 42). 1t is believed that this kind of compound undergoes a fast 1,3
lithium shift and form the contact ion pairs containing delocdized carbanions. It is this
kind of character that leads to the double bond rearrangement and influences the
stereochemistry of the reactions.™

Li*
L ™\F PN o~
N
A B c

Figure 42. The 1,3 lithium Shift of the Allylic Lithium Compounds

In our case, because of this 1,3 lithium shift, the a-carbanion 361 would be
expected to lose the sp3 geometry a C-6 and form the y-carbanion 362 (Scheme 76).
Because the charge in 362 can be delocalized efficiently by the phenyl ring, it is more
stable and therefore 362 may be the dominant species under certain conditions. This leads
to the incorporation of deuterium at 4-position.
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Scheme 76. The Structures of the a-Carbanion and y-Carbanion

Temperature has big influence on this kind of rearrangement. When the reaction
was quenched first with DM SO-d, at -78 °C and then mixed with water without increasing

the temperature to room temperature, the amount of the double bond rearranged compound
issmall (about 30%, see below). However, M S spectra showed the existence of the ion a
m/iz = 227 and m/z = 97 fragment ions, indicating the incomplete incorporation of the
deuterium (see below).

2. Quenching reaction with D,O

According to previous reports, quenching of lithiated formamidines or oxazolines
with CH,OD or D,O produces a mixture of deuterated diastereomers whereas quenching
with DMSO-d is usualy highly stereoselective.'™'™> Our experiment has indicated that
DMSO-d, is not agood choice. DMSO-d, isavery weak acid, the donation of a deuterium
to the lithiated species must be carried out a higher temperature. However, a high
temperature the double bond rearrangement becomes controlling. In order to accomplish the
deuterium incorporation at the C-6 position a low temperature, we chose more acidic
deuterium sources, such as D,O. The oxazoline 354 was lithiated and quenched with D,O
under similar conditions (Scheme 77), and the product was seperated through a column.
About 32% of the product was characterized as the diastereomeric mixture 357. About
60% of the product was characterized as 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-
phenyl-1,2,3,6-tetrahydropyridine-6-d, (363).
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Scheme 77. The Lithiation and Quenching with D,O

The structure of 363 was determined by NMR and MS spectral analysis. The 'H
NMR spectrum of 363 (Figure 43) is smilar to that of the 354 (Figure 33) with the
exception that the intensity of the signal a & = 4.0 has decreased. This indicates the

incorporation of deuterium at the C-6 position. *C NMR (Figure 44) isthe same as that of
354 (Figure 34).
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Figure 43. The'H NMR spectrum of 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-
phenyl-1,2,3,6-tetrahydropyridine-6-d, (363) (CDCI,)
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Figure 44. The *C NMR spectrum of 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-
phenyl-1,2,3,6-tetrahydropyridine-6-d, (363) (CDCI,)

The EI-M S spectrum (Figure 45) shows the same pattern as that of the 354. The
parent peak M* a m/z = 271 and the peak at m/z = 228, indicats the incorporation of one
deuterium. The fragment ion in which the molecule loses a propyl group [M-43] (m/z =
228) accounts for the base peak. The absence of an ion a m/z = 227 ion is good evidence
that the deuterium incorporation is 100%. The loss of N-substituent is also observed,
leading to am/z=159 ion. Theion a m/z =97 ionissignificant.
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Figure 45. The MS spectrum of 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-
1,2,3,6-tetrahydropyridine-6-d, (363)

The compounds (S,5)-363 and (S,R)-363 are diastereomers. Theoreticaly, the
signal differences can be detected by '"H NMR or °H NMR. Unfortunately, in our case, the
important signal of 6-proton is partially overlaped with the signal of 5 -proton (Figure 43)
and because of the coupling with 5-proton, the signal of the C-6 proton becomes
broadened. The broad-band proton decoupling ?H NMR spectrum of the compound 363
(Figure 46) indicates only one unsplit peak.
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Figure 46. The broad-band proton decoupling °H NMR spectrum of 1-[4,5-dihydro-4-
(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,6-tetrahydropyridine-6-d, (363) (in CH.Cl,)

Finaly we employed the technique of deuterium NMR in PBLG liquid crysta
system. Theliquid crystal ?ZH NMR spectrum indicates that compound 363 is a mixture of
diastereomers (Figure 46, a). Starting from (S)-354, the °H NMR spectrum of the product
exhibits four peaks with the major peak at the inner side (Figure 47,a). If the (R)-354 is
used as starting material, under the same conditions, the mgor peak appears outside
(Figure 47, b). Integration indicates that the ratio of each of the two diastereomers is about
81:19. This result suggests that the reaction under this condition does exhibit
stereosel ectivity.
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(b) (R,R)-363 and (R,S)-363 (80:20)
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(9) (S9)- and (SR)-363 (85:15)
Figure 47. The?H NMR spectrum of 363 (in PBLG/CH,CI,)

It is believed that the isotope effect for removal of the C-6 proton is high. If the
deprotonation is rate determining, when a portion of butyllithium is added to the above 2-
substituted diastereomeric mixture 363, the reactivity of the a proton or deuteron will be
different. From the aspect of deprotonation, because of the existence of the chiral

auxiliary, D, in (S,5)-363 or H, in (S,;R)-363 will be removed preferentially. From the
aspect of isotope effect, proton other than deuteron should be atacked by the base
preferentially. If these two factors are combined, it is obvious that the H, in (S,R)-363

would be prefered to be removed in the reaction. Therefore, if we start with the
diastereomeric mixture of (S9)- and (S,R)-363 (81:19), the expected result is that, when
0.2 equivaent of butyllithium is added, the (S, R)-363 will be completely consumed.

We carried out this experiment. However, when up to 0.4 equivaent of
butyllithium is added to the above 2-substituted diasteromeric mixture 363 and quenched
with DM SO-d, (Scheme 78), the % de was found to be increased only to 89:11 (Figure
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47,c and d), not as high as expected. This result prompted us to analyze for the double
bond rearranged component in the product.

ph. P ph. P Ph Ph
H H
A
61 or Qe G
N 1. 0.4eq. n-BuLi, i D 4 )N\ H Ho, i D
__-718°%¢c +
[ [l 07N N
\ 0)‘\ 2. DMSO-dg, N N N QN
\\H/ \\S/ -78 °Cto RT L‘S/ \\H/
(S,9-363 (S,R)-363 a6 a57 (5,9)-363 (S,R)-363
1% 19%
- o 89% 11%
Y U J
Y

Scheme 78. |sotope Effect vs. Asymmetric Deprotonation

The EI-M S spectrum of the double bond rearranged componunt (Figure 48) shows
the ions of m/z = 272 and m/z = 229, indicating the formation of compound 364. The
ions at m/z=228 and 271 ions indicate the formation of 357. Thisis aso confirmed by the
'H NMR spectrum of the double bond rearranged (Figure 49) mixture which indicating the
existence of C-6 proton at 5 = 6.8 furthermore the intensity of the 6-H signal at &6 = 4.8 is
stronger than that of the signal at 5= 6.8. Itisnot clear why anion at m/z = 227 is present.
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Figure 48. The MS spectrum of the double bond rearranged mixture
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Figure 49. The 'H NMR spectrum of the double bond rearranged mixture (CDCI.,)

The presence of 357 in the product indicates that the isotope effect may not be
completely rate-determining.  Since during the reaction, the deuteron was removed. It
appears that the rate-determining step is in the formation of the complex prior to
deprotonation [see 3.3.1. 4 (1)] and that the butyllithium consumes both (S,S)-363 and
(SR)-363 equally. Thefact that %de ratio is not significantly increased is consistent with
this argument. When 0.6 equivalent of butylithium was used in the reaction, the ratio of
the product 363 is approximately 85:15 (Figure 47, €). This result again supports the
assumption that the isotope effect may not be completely rate-determining. Because 0.6

equivalent of butyllithium is enough to remove al the H, in (SR)-363 and leave the (S,S)-

363 as the pure component if the isotope effect is operating in the rate-determining step.
The smilar % de of the 2-substituted component in this case adso suggests that the
formation of lithium complex prior to the deprotonation is rate-determining. The formation
of the lithium complex will not be affected by the substitution of protium with a deuterium.
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3. Quenching reaction with CF,COOD

The fact that quenching oxazolines with DMSO-d, is highly stereoselective
compared with D,O or CH,OD in some examples™ '™ requires some explanation. The
deuterium on the o carbon of DMSO-d;, is aweak acid. During the reaction, we assumed
that the DM SO may form some kind of five-membered coordination compound because the
oxygen atomisa good ligand atom for lithium. Trifluroacetic acid- d, is a much stronger
acid than D,O and its carboxylic group also has the possibility to form a coordination
compound with lithium (Figure 50). So we used trifluroacetic acid- d, to quench the
reaction under the same conditions and found a % de ratio of 85:15 (Figure 47, f). The
deuterium incoporation is complete. The double bond rearranged component 357 is about
40%. The % de ratio indicates that the formation of the complex between the deuterium
source and lithium may not be important in this case. The minor part of the 2-substituted
component may be caused by the 1,3 lithium shift.

Figure 50. The Coordination of DM SO-d, and Trifluroacetic acid with Lithiated
Intermediate

4. The use of BuLi/(-)-sparteine system

Beak et al. reported the effectiveness of (-)-gparteine as an externa chira ligand in
asymmetric deprotonation-substitution reactions.’®® Rimoldi*** synthesized the N-Boc-
MPTP and used it to react with n-BuLi/(-)-sparteine in THF. It was found that the
deuterium incorporation is high but the % de was estimated to be only about 33%.

The BuL.i/(-)-sparteine method was also employed in our experiments (Scheme 79).
This time we used toluene as a solvent.
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Scheme 79. Lithiation using BuL.i/(-)-sparteine method

n-Butyllithium first was mixed with (-)-sparteine in toluene at -78 °C for 30 min,
then transfered to the (S)-354 solution in toluene at -78 °C. Three hours later, the reaction

mixture was quenched with CD,0OD at -78 °C. GC and NMR analysis indicated that the

amount of double bond rearranged compound 357 is only 6%. Deuterium NMR in the
liquid crystal indicated the % de is 85:15 (Figure 47, g). However, MS aso indicated that
there exist significant amount of m/z = 227 ion which means the deuterium incorporation is
not complete under these conditions. When n-BuLi was substituted by sec-BuLi, the
deuterium incorporation is still not complete. When the above reaction was quenched by

DMSO-d; a -78 °C first followed by increased to room temperature, the double bond

rearranged compound 357 is about 40%. Still the deuterium incorporation is not complete.
The fact that the % de does not change at low temperature for a long time indicated that the
formation of the lithium complex is thermadynamically rather than kinetically controlled.
The formation of a relatively low yield of the double bond rearranged compound in this
reaction indicated that the solvent may affect the 1,3 lithium shift.

C. The detachment of the chiral auxiliary

There are several ways to detach the chiral auxiliary, such as hydrazinolysis with
hydrazine or reduction with lithium aluminum hydride."™** In our case, both of these two
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pathways consume the starting material but they also destroy the formed 4-phenyl-1,2,3,6-
tetrahydropyridine-6-d,,( 365) leading to avery low yield (Scheme 80).

Ph

> L
N "’D H>NNH, or LiAlHg ﬁﬁ

A

(SN N~ D
\\H/ H
S,5-363 S-365

Scheme 80. The Detachment of Oxazoline Auxiliary (1)

We noticed that acetic formic anhydride converts some of the oxazolines, such as
366 (Scheme 81), to aring opened N,O-diformyl compound 367,**> which then can be
reduced to the N-methyl compound 368 without changing the %ee.

CHO
N._ O HCO,COCH Ne N. CH,OCHO LiAlHg
D 2 3 \n/ \-/ 2 . N\CH3
BugSn  N—, BusgSn O  iPr BusSn
/S
366 367 368

Scheme 81. The Detachment of Oxazoline Auxiliary (2)

Starting with the 2-substituted diastereomer mixture (81:19) 363, sSmilar trestment
with acetic formic anhydride (Scheme 82) afforded the unstable ring opened compound,
which was then reduced immediately by lithium auminium hydride to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-6-d, (369).
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Scheme 82. The Synthesis of the Final Product

The liquid crystal “H NMR spectrum (Figure 51) indicated a similar % ee ratio
(79:21) to the starting materiad which confirmed that there was little or no racemization in
the detachment of the chiral auxiliary.

(@) (9-enriched MPTP
(Because of the instrument conditions, only one side of the signal was detected correctly)
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12 10 8 6 4 2 0 2 ppm

(b) (R)-enriched MPTP

12 10 8 6 4 2 0 ppm

(c) The mixture of (R)-and (S-MPTP

Figure 51. The*H NMR spectrum of the (R)-and (S)-enriched MPTP (369)
(PBLG/CH,CI,)
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The above experiments indicate that the reaction does exhibit relatively high
stereoselectivity. This stereoselectivity may be caused by the formation of the lithium
complex prior to deprotonation. The temperature and the solvents may affect the 1,3
lithium shift in our case. The detachment of the chiral auxiliary does not destroy the %ee.

3.3.3. Enzymology results

The MAO-B substrate properties of the synthesized labelled and unlabelled
compounds were examined. Linear initial velocities vs substrate concentrations plots and
linear double-reciprocal plots were obtained for al the compounds (Figure 51-52). The
kinetic dataand their ratios are givenin Table 4.
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Figure52. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of (S)-enriched
Monodeuterated MPTP (369)
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Figure53. Lineweaver-Burke Plot for the MAO-B Catalyzed Oxidation of (R)-enriched
Monodeuterated MPTP (369)

Table4. Kinetic Parameters for the MAO-B Catalyzed Oxidation of the R and S-Enriched

Monodeuterated MPTP Analogs
Deuterated analogs K., (min)* K., (mM) k. /K.,
(min'mM™)
R-enriched-(369) 80 0.55 147
S-enriched-(369) 132 0.30 446
Selectivity (S/R) 1.6 0.54 3.0

Estimated using e=16,000 M, the value for the perchlorate salt of the 1-methyl-4-phenyl-
2,3-dihydropyridinium species.”
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3.3.4. Discussion
Primary isotope effect studies indicate that MAO-B catalyzed oxidation of MPTP

does exhibit stereoselectivity. The two a-hydrogens are not equivalent for the enzyme.
The enzyme prefers to remove the S-hydrogen during the oxidation reaction.
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Chapter 4. The study on the M AO-catalyzed oxidation of 1-
cyclopropyl-4-substituted-1,2,3,6-tetranydropyridines

As was pointed out in Chapter 1, when the N-1 position of MPTP anaogs is
substituted by a cyclopropyl group, the compound is expected to behave as a mechanism-
based inhibitor. Based on the SAR studies, we have designed and synthesized some 1-
cyclopropyl-4-substituted-1,2,3,6-tetrahydropyridines.

4.1. The synthesis of 1-cyclopropyl-4-substituted-1,2,3,6-
tetrahydropyridines

The 1-cyclopropyl-4-substituted-1,2,3,6-tetrahydropyridines have been synthesized in
severa steps (Scheme 82). The 4-substituted pyridines A upon reaction with 1-chloro-2,4-
dinitrobenzene (139) gave the 4-substituted-1-(2,4-dinitrophenyl)pyridinium chloride
products 370-375, which, upon reaction with cyclopropylamine, gave the N-
cyclopropylpyridinium chloride intermediates 376-381. Subsequent reduction of 376-
381 with NaBH, gave the 1-cyclopropyl-4-substituted-1,2,3,6-tetrahydropyridines 382-
387.
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NO _
N 2 N ¢ N
L= X

A 139 NO2 c D
B
CH3 CH3 _ _
CHs N N\CH3 CH3 x NH S NW [/ \; CH3 LY CHg xS
I

A 256 255 254 235 265 275
B 370 371 372 373 374 375
C 376 377 378 379 380 381
D 382 383 384 385 386 387

Reaction conditions: i) Acetone, reflux; ii) cyclopropylamine, 1-butanol, reflux;
iii) NaBH,, methanol, 0 °C

Scheme 83. The Synthesis of 1-Cyclopropyl-4-substituted-1,2,3,6-tetrahydropyridines
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Chapter 5 Conclusions

1. A series of 1,4-disubstituted-1,2,3,6-tetrahydropyridines and their corresponding
intermediates have been synthesized and characterized. Their enzyme substrate properties
are examined with the MAO-B preparations isolated from beef liver.

2. SAR studies indicate that steric factors play an important role in determining of the
substrate properties in this series. The binding site of the enzyme can accommodate a
methyl or ethyl group substituted at the 1- or 3-position of the 5-membered heteroarenes.
Alkyl groups substituted at the 3-position (which is connected with the carbon) of these
fivee-membered heteroarenes extend the conjugation. Electron withdrawing heteroarene
group substituted at the 4-position of the 1,2,3,6-tetrahydrpyridine ring decreases its
substrate activity. In addition to steric and electronic effects, unfavorable polar interactions
with the NH group may affect the substrate properties of compoundsin this series.

3. Deuterium isotope effect studies establish that of C-H bond cleavage a C-6 of the
tetrahydropyridine is rate-determining for both good and poor substrates and, therefore,
there is no change in the rate-determining step of this oxidation reaction. The substantial
secondary isotope effect observed with 1-CD, in analog 303 indicates the formation of
nitrogen cation. Primary isotope effect studies aso indicate that MAO-B catdyzed
oxidation of MPTP are stereosdlective. The enzyme prefers to remove the Shydrogen
during the oxidation reaction.

4. Theincorporation of deuterium at 6-position of the 1-[4,5-dihydro-4-(1-methylethyl)-2-
oxazolyl]-4-phenyl-1,2,3,6-tetrahydropyridine exhibits high stereoselectivity. The
stereosdlectivity may be caused by the formation of the lithium complex prior to
deprotonation.
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Chapter 6 Experimental

Chemistry

All reagents were obtained from commercial sources and were used directly. Synthetic
reactions were carried out under a nitrogen atmosphere. Tetrahydrofuran (THF) and
diethyl ether were distilled from sodium benzophenone ketyl. Acetone was distilled from
potassium carbonate. Dichloroform and toluene were distilled from cacium hydride.
Mélting points were determined using a Thoms-Hoover melting point apparatus and are
uncorrected. UV-Vis spectra were recorded on a Beckman DU 7400 spectrophotometer.
Proton NMR spectra were recorded on a Bruker WP 360-MHz or a 270-MHz or a 200
MHz spectrometer. Chemical shifts (d) are reported in parts per million (ppm) relative to
tetramethylsilane as an interna standard. The conventional symbols are used to describe
spin multiplicities. Gas chromatography-electron ionization mass spectrometry (GC-
EIMS) was performed on a Hewlett Packard 5890 GC fitted with an HP-1 capillary column
(15 m x 0.2 mmi.d., 0.33 mm film thickness) which was coupled to a Hewlett Packard
5870 mass-selective detector. Data were acquired using an HP 5970 ChemStation.
Normalized peak heights are reported as a percentage of the base peak. High resolution-
electron ionization mass spectrometry (HR-EIMS) and high resolution-chemical ionization
mass spectrometry (HR-CIMS) were performed on a VG 7070 HF instrument. Elementa
analyses were performed by Atlantic Microlab, Inc., Norcross, GA.

4-(1-Methylimidazol-2-yl)-4-piperidinol  (281). To a solution of 1-
methylimidazole 279 (4.1 mL, 50 mmoal) in dry THF (50 mL) was added n-butyllithium
(20 mL, 50 mmol) dropwise at room temperature under nitrogen. The solution was stirred
at 40 °C for 3h. The temperature was then decreased to -78 °C and 1-methyl-4-piperidone
125 (5.7 g, 50 mmol) was added. This mixture was allowed to warm to room temperature
dowly and stirred at this temperature for 6h and for an additional 3h at 40 °C. The reaction
was quenched with water (30 mL). The agueous layer was extracted with ethyl acetate (4 x
40 mL). The combined organic extracts were dried over MgSO, and the solvent was
removed in vacuo. The residue was purified by recrystalization from diethyl
ether/methanol affording pure 281 (8.279 g, 84.8%): mp 151.5-152 °C; GC (tg=7.98
min)-EIMS m/z (%) 195 (4, M*), 177 (61), 125 (100), 83 (98), 72 (70); *H NMR
(CDCI3 270 MHZz) & 6.82 (s, 1H, ArH), 6.78 (s, 1H, ArH), 3.84 (s, 3H, N'CH3), 3.57
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(s, 1H, OH), 2.63-2.68 (m, 2H, NCHHeq), 2.42-2.50 (dt, 2H, NCHHax), 2.29 (s, 3H,
NCH3), 2.04-2.24 (m, 2H, NCH2CHHeq), 1.84-1.89 (d, 2H, NCH2CHHgx); C NMR
(CDCl3, 360 MHz) 5 151.64, 125.44, 122.62, 67.79, 51.26, 46.14, 35.76, 34.65; And
Calcd for C1gH17N30: C, 61.51; H, 8.78; N, 21.53. Found: C, 61.63; H, 8.77; N, 21.49.
1-Methyl-4-(1-methylimidazol-2-yl)-1,2,3,6-tetrahydropyridine

dihydrochloride (107+2HCI). To 281 (1.757 g, 9 mmol) was added aqueous H;PO,
solution (85% H3PO, : H,O = 4:1). This mixture was stirred and heated at 100 °C for 12h.
The solution was then cooled and neutralized with Na,CO; saturated solution until pH=9.
The agueous layer was extracted with ethyl acetate (4 x 40 mL). The extracts were dried
over MgSO, and the solvent was removed in vacuo. To theresiduein dry diethyl ether (50
mL), was introduced dry HCI while stirring. After stirring for 3h, the white solid was
filtrated and recrystallized from methanol/diethyl ether affording pure 107<2HCI (2.07 g,
92%): mp 256 °C (decomposed); GC (tg=7.84 min)-EIMS m/z (%) 177 (100, M™), 162
(87), 133 (72), 120 (30), 107 (20), 94 (37); ‘*H NMR (CD30D, 270 MHz) & 7.56-7.59
(dd, 2H, ArH), 6.53 (m, 1H, C-5), 4.16 (m, 2H, C-6), 3.91 (s, 3H, NCH3), 3.71 (m,
2H, C-2), 3.00 (s, 3H, N'CH3), 2.86 (m, 2H, C-3); *C NMR (CD30D, 360 MHz) &
144.12, 132.11, 126.28, 122.03, 120.31, 52.76, 51.01, 43.22, 36.78, 25.71; UV
(phosphate buffer, pH 7.4) Amax 253 nm (¢ = 8,666 M™); And Cacd for CigH17CloN3:
C, 48.01; H, 6.85; N, 16.80. Found: C, 48.24; H, 6.82; N, 16.63.

Oxalate salt of 4-(3-methylfuran-2-yl)pyridine (265-H,C,0,). Method 1:
4-bromopyridine (3.16 g, 20 mmol) was dissolved in 50 mL of anhydrous diethyl ether at -
78 °C under nitrogen. A hexane solution of n-butyllithium (8 mL, 20 mmol) was added
dropwise a this temperature under nitrogen. A yellow precipitate was formed. 30 min
later, 3-methyl-2 (5H)-furanone 263 (1.95 mL, 20 mmol) was added. The mixture was
stirred for four hours a -78 °C. Then the temperature was alowed to rise to room
temperature following which the reaction mixture was stirred for 24h. The temperature
was decreased again to -78 °C, adilute H,SO, solution in THF was added until pH=2. The
reaction mixture was allowed to slowly work up to room temperature. 50 ml of water was
added. The agqueous layer was adjusted to pH=8 and extracted with ditheyl ether (4 x 50
mL). The extracts was dried over MgSO, and the solvent was removed in vacuo. The
obtained brown oil was chromatographed (silicagel, 10:1 ethyl acetate-hexane) to give 265
in 87% yield. Method 2: The same procedures are used, except the reaction was quenched
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by a solution of NaOH in water a -78 °C and the aqueous layer was extracted by ethyl
acetate. After recrystallization from methanol/acetone/diethyl ether, 267 was obtained as a
white solid in 78% yield. mp 152.5-153 °C; GC (tg=7.14 min)-EIMS m/z (%) 177 (2,
M*), 159 (6), 133 (13), 117 (7), 99(100), 79 (56); ‘H NMR (CDCI3 200 MHz) & 8.57-
8.59 (dd, 2H, C-2 and C-6), 7.40-7.42 (dd, 2H, C-3 and C-5), 5.82 (m, 1H, C=CH),
4.71-4.87 (m, 2H, CH2), 3.71 (s, 1H, OH), 1.62-1.65 (m, 3H, CH3); ®*C NMR
(DMSO-dg, 360 MHz) & 151.58, 149.30, 137.98, 123.35, 120.88, 109.26, 72.59,
11.00;. Anal calcd for CigH11NOs: C, 67.78; H, 6.26; N, 7.90. Found: C, 67.69; H, 6.26;
N, 7.82. To 267 (30 mmol) in 30 mL THF and 10 mL H,O, 1 mL concentrated H,SO,
was added slowly. The solution was stirred overnight at room temperature. THF was
removed in vacuo. The NaCO; solution was added until pH=9. The mixture was
extracted by diethyl ether. The extracts were dried over MgSO, and the solvent was
removed in vacuo. The residue was chromatographed to give 265 in 99% yield. This
brown oil in anhydrous diethyl ether (50 mL) was treated with oxalic acid (2.16 g, 24
mmol) in 10 mL of anhydrous diethyl ether. The precipitate was recrystallized from
methanol/diethyl ether to afford a white crystaline solid 265-H,C,0, in 90% yield. mp
165 °C; GC (trg=10.74 min)-EIMS m/z (%) 159 (100, M*), 130 (100), 103 (22), 77 (50);
'H NMR (DM SO-Dg, 270 MHz) & 8.60-8.62 (d, 2H, C-2 and C-6), 7.79-7.80 (d, 1H,
C'-5), 7.58-7.61 (dd, 1H, C-3 and C-5), 6.57-6.58 (d, 1H, C'-4), 2.3 (s, 3H, CH3); *C
NMR (DMSO-dg, 360 MHz) & 161.24, 149.08, 145.00, 143.79, 137.43, 122.33,
118.67, 116.35, 11.76; And Calcd for C,H11NOs0.51H,C,0,: C, 52.97; H, 4.10; N,
4.74. Found: C, 53.17; H, 4.08; N, 4.73.

Oxalate salt of 4-(3-methylthiophen-2-yl)pyridine (275-H,C,O0,). To the
2-bromo-3-methylthiophene 273 (5 g, 97%, 27.4 mmoal) in dry THF (25 mL) at -78 °C
under nitrogen, was added n-butyllithium in hexane (12 mL, 30 mmol) dropwise. The
mixture was stirred at -78 °C for 1.5h and then transfered to a solution of dry ZnCl, (30
mmol) in THF (15 mL). After stirring for 3h at room temperature, the new mixture was
transfered again to the mixture of 4-bromopyridine (4.725 g, 30 mmol) and
tetrakis(triphenylphosphine)palladium (1 g, 3 mmol%) in THF (20 mL) a 0 °C. After the
mixture was stirred at 45 °C for 2 days, water was added. The water layer was adjusted to
pH=8 and extracted with ethyl acetate (4 x 100 mL). The extracts were dried over MgSO,
and the solvent was removed in vacuo. Column chromatography (silica gel, ethyl acetate)
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of the residue afforded 37 as ayellow oil. Treatment of this oil in dry diethyl ether with
oxalic acid afforded ayellow precipatate which was recrystallized in methanol/diethyl ether
to give ayelow solid 37-H,C,0O, (4.45 g, 93%). mp 138-140 °C; GC (tg=7.06 min)-
EIMS m/z (%) 175 (100, M*), 147 (24), 130 (13), 103 (5), 97 (39); *H NMR (DMSO-dg,
200 MHz) 5 8.60-8.65 (d, 2H, C-2 and C-6), 7.63-7.65 (d, 1H, C'-5), 7.50-7.57 (dd,
2H, C-3 and C-5), 7.04-7.09 (d, 1H, C-4), 2.38 (s, 3H, CH3); *C NMR (DMSO-ds,
360 MHz) 5 161.19, 149.36, 142.22, 136.18, 133.67, 132.33, 126.60, 122.56, 15.13;

And Cdcd for C1,H11NO,S0.23 H,C,0O,: C, 52.34; H,4.04; N, 4.90. Found: C, 52.36;
H, 4.14; N, 4.78.

4-(3,4-Dimethylpyrrol-2-yl)pyridine (235). A hexane solution of n-
butyllithium (6 mL, 15 mmol) was added to a stirred solution of 3,4-dimethylpyrrole 232
(2.43 g, 15 mmol) in 10 mL THF a room temperature under nitrogen. The mixture was
stirred for 1h and then was transfered to a stirred solution of dry zinc chloride (2.72 g, 20
mmol) in 10 mL THF at room temperature. The mixture was stirred for 1.5h. After that,
the 3,4-dimethyl-1-pyrrolyl zinc chloride solution was transfered to a mixture of 4-
bromopyridine (2.36 g, 15 mmol) and tetrakis(triphenylphosphine)palladium ( 0.75 g, 4.3
mol%) in dry THF (25 mL) at 0 °C. The reaction mixture was allowed to raise to 65 °C
and stirred for 3 days. After the mixture was cooled, 50 mL of water was added. The
aqueous layer was saturated with NaCl and extracted with ethyl acetate (4 x 50 mL). The
extracts were dried over MgSO, and the solvent was removed in vacuo. The residue was
recrystallized in diethyl ether affording a white solid 235 (1.03 g, 40%). mp 125-126 °C,;
GC (tg=13.43 min)-EIMS m/z (%) 172 (76, M*), 171 (100), 157 (76), 130 (6), 94 (6); *H
NMR (CDCI3, 200 MHz) 5 8.51-8.53 (dd, 2H, C-2 and C-6), 7.17-7.19 (dd, 2H, C-3
and C-5), 6.94 (s, 2H, C'-2 and C'-5), 2.06 (s, 6H, CH3); *C NMR (CDCI3, 200 MHz)
o 150.99, 146.00, 123.00, 115.80, 112.05, 10.33; And Cacd for C;yH;oN,: C, 76.71;
H, 7.02; N, 16.26. Found: C, 76.76; H, 7.07; N, 16.33.

4-(3-Methylpyrrol-2-yl)pyridine (255). A solution of 4-
pyridinecarboxaldehyde (5.85 g, 0.05 mol) in anhydrous DMF (25 mL) was added
dropwise to a mixture of potassum cyanide (0.26g, 0.004 mol) and anhydrous DMF (25
mL) at 0 °C under nitrogen. 30 min later, the crotonaldehyde (3.54 g, 0.05 mol) in 10 mL
of anhydrous DMF was added dropwise. The mixture was stirred for 2 hours a 0 °C and
then acetic acid (2.5 mL) was added. The mixture was stirred for 10 min. After that, ice
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water was added to the mixture. The water layer was adjusted to pH=9 and extracted with
ethyl acetate (4 x 150 mL) and the organic solution was washed with dilute NaHCO;
aqueous solution and dried over MgSO, and the solvent was removed in vacuo. The
residue was chromatographed (silica gel, 10:2 ethyl acetate :hexane) to give 244 in 40%
yield. GC(tg=6.59 min)-EIMS m/z (%) 177 (1, M*), 149 (3), 135 (54), 106 (100), 78
(90), 51 (72); *H NMR (CDClI,, 360 MHz) 5 9.76 (s, 1H, CHO), 8.76-8.81 (dd, 2H, C-2
and C-6), 7.74-7.79 (dd, 2H, C-3 and C-5), 3.85-3.94 (m, 1H, CHCH,), 3.16-3.24 (dd,
1H, CH,H,), 2.64-2.70 (dd, 1H, CH,H,), 1.20-1.27 (d, 3H, CH,); **C NMR (CDCl,,
360 MHz) 6 202.20, 200.05, 150.96, 142.21, 121.56, 47.18, 35.50, 17.44; HR-CIMS.
Calcd for C,,H,,NO,H*: 178.0868038. Found: 178.087585.

A solution of ammonium hydroxide (6.8 g, 30%, 0.12 mol) was added to the solution
of 244 (10 mmol) in ethanol (75 mL). The mixture was heated and stirred for 3 hours &
80 °C. The solvent was removed in vacuo. An agueous solution (50 mL) containing the
residue was extracted with ethyl acetate (4 x 50 mL). The extracts were washed with 150
mL 5% NaHCO; solution and dried over MgSO, and the solvent was removed in vacuo.
The residue was chromatographed (silica gel, 10:1 ethyl acetate: methanol) to give a white
solid 45 (1.03 g, 65%). mp 137.5-138.5 °C; GC (tg=7.68 min)-EIMS m/z (%) 158 (93,
M*), 157 (100), 130 (28), 103 (86), 80 (20); '"H NMR (CDCI,, 200 MHz) & 8.52-8.55
(dd, 2H, C-2 and C-6), 7.33-7.34 (dd, 2H, C-3 and C-5), 6.86-6.88 (t, 1H, C-5), 6.18
(t, 1H, C-4), 2.35 (s, 3H, CH3); *C NMR (CDCl,, 360 MHz) & 150.07, 145.08,

140.77, 125.16, 120.45, 119.72, 113.41, 13.30; And Calcd for C1oH1oN,0.16 H,O: C,
75.01; H, 6.46; N, 17.38. Found: C, 75.01; H, 6.41; N, 17.39.
4-(1,3-Dimethylpyrrol-2-yl)pyridine (256). To the solution of 244 (10
mmol) in methanol (20 mL), was added a solution of methylamine (20 mmol) in methanal.
This solution was stirred at room temperature for 24h. The solvent was removed in vacuo.
An aqueous solution (20 mL) containing the residue was extracted with diethyl ether (4 x
30 mL). The extracts were dried over MgSO, and the solvent was removed in vacuo. The
residue was chromatographed (silic gel, 10:1 ethyl acetatemethanol) to give 256 as a
yelow oil (1.211 g, 70%). GC (tg=7.20 min)-EIMS m/z (%) 172 (93, M*), 171 (100),
156 (20), 130 (15), 103 (8), 94 (41); *H NMR (CDClI, 200 MHz) & 8.62-8.66 (dd, 2H,
C-2 and C-6), 7.18-7.22 (dd, 2H, C-3 and C-5), 6.68-6.69 (d, 1H, C'-5), 6.09-6.10 (d,
1H, C-4), 3.58 (s, 3H, N-CH3), 2.13 (s, 3H, CH3); ®*C NMR (CDCl, 360 MHz) &
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149.76, 140.71, 128.57, 124.44, 124.02, 110.17, 35.38, 12.50; HR-EIMS Cacd for
C11H1oN,: 172.1000485. Found: 172.100327.

4-0Oxo0-4-(4-pyridyl-)-1-butanol (248) To the 4-bromopyridine (3.95 g, 25
mol) in anhydrous diethyl ether (50 mL) at -78 °C, was added n-butyllithium (25 mmoal) in
hexane dropwise. The mixture was stirred at -78 °C for 1h. g-butyrolactone (2.2 g, 25
mmol) was added dropwise to the mixture a -78 °C. The mixture was irred a this
temperature for 4h and then was raised to room temperature and stirred for another 6h. The
reaction mixture was quenched with dilute Na,CO, agueous solution (30 mL). The
aqueous layer was extracted by ethyl acetate (40 mL x 4). The extracts were dried over
MgSO4 and the solvent was removed in vacuo. The residue was purified by column (silica

gel, ethyl acetate) to afford 248 in 94.5% yield. 'H NMR and *C NMR indicate the
mixture of theisomers. GC(t;=6.65 min)-EIMS m/z (%) 165 (10, M*), 147 (3), 134 (5),

121 (100), 106 (100), 87 (10), 78 (98), 51 (72); HR-CIMS Cadlcd for C;H,;NO,H™:
166.0868038. Found: 166.086151.

3-Ethyl-4-ox0-4-(4-pyridyl)-1-butanol  (269) was prepared with 4-
bromopyridine and a-ethyl-y- butyrolactone using the same method. The crude product
was recrystallized in methylene chloride/ diethyl ether in 53.5% yield. *H NMR and **C
NMR indicate the mixture of theisomers. GC (t;=7.63 min)-EIMSm/z (%) 192 (4, M*),
160 (3), 149 (66), 124 (28), 106 (100), 78 (86), 51 (92); Anal. Cdcd for C;;H,:NO,: C,
68.37; H, 7.82; N, 7.25. Found: C, 68.27; H, 7.84; N, 7.16.

4-Ox0-4-(4-pyridyl)butanal (250) To the stirred solution of pyridine (20 g,
240 mmol) in anhydrous methylene chloride (300 mL) a room temperature, was added
chromium trioxide (12.0 g, 120 mmoal) in portions. The deep burgandy solution was
stirred for 30 min. A solution of 248 (20 mmole) in a 20 mL of methylene chloride was
added in one portion. The mixture was stirred for 12h a room temperature. The solution
was decanted from the residue and the residue was washed with methylene chloride (2 x
200 mL). The solvent was removed in vacuo and the residue was purified by column
(slica gel, ethyl acetate). 250 was obtained in 65% yield. GC(t;=6.25 min)-EIMS m/z
(%) 163 (1, M*), 135 (44), 121 (34), 106 (76), 78 (100), 51 (80); ‘H NMR (CDClI,, 360
MHz) 6 9.89 (s, 1H, CHO), 8.81-8.83 (dd, 2H, C-2 and C-6), 7.75-7.77 (dd, 2H, C-3
and C-5), 3.29-3.32 (t, 2H, 3-CH2), 2.96-3.00 (t, 2H, 2-CH2); *C NMR (CDCl,, 360
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MHz) & 200.00, 197.56, 151.12, 142.36, 121.11, 37.46, 31.30; HR-CIMS Cadcd for

C,H,NO,H*: 164.0711537. Found: 164.071381.
3-Ethyl-4-ox0-4-(4-pyridyl)butanal (270) was prepared using the same
methods as 250 in 59.7% yield. GC (t;=7.26 min)-EIMS mv/z (%) 191 (1, M*), 163 (2),
149 (34), 134 (12), 106 (100), 78 (74), 51 (67); *H NMR (CDCl,, 360 MHz) 5 9.78 (s,
1H, CHO), 8.81-8.82 (dd, 2H, C-2 and C-6), 7.76-7.77 (dd, 2H, C-3 and C-5), 3.78-
3.86 (m, 1H, CH), 3.18-3.26 (dd, 1H, 2-CHH), 2.70-2.76 (dd, 1H, 2-CHH), 1.68-1.78
(m, 1H, 1'-CHH), 1.50-1.60 (m, 1H, 1'-CHH), 0.84-0.92 (t, 3H, CH3); “*C NMR
(CDCl,, 360 MHz) & 202.23, 200.30, 151.00, 142.89, 121.45, 45.08, 41.67, 25.02,

11.42; HR-EIMS Calcd for C,,H,;NO,HT: 192.1024538. Found: 192.102249.

General procedures for the synthesis of the oxalate salts of 4-(1-
alkylpyrrol-2-yl)pyridine: To 4-oxo-4-pyridylbutanal (20 mmol) in 40 mL methanoal,
was added the corresponding primary amines (4eq.). The mixture was stirred a room
temperaturefor 1 day. The solvent was removed in vacuo. After chromatography (silica
gel, ethyl acetate), a yellow oil of 4-(1-akylpyrrol-2-yl)pyridine was obtained. To this
yellow oil (5 mmoal) in dry diethyl ether (15 mL) was added the oxalic acid (6 mmol) in 5
mL diethyl ether. The mixture was stirred for 4h and the precipitate was filtrated and
recrystallized in methanol/diethyl ether.

Oxalate salt of 4-(1-ethylpyrrol-2-yl)pyridine (251-H,C,0,) was
obtained in 93% yield. mp 142.5-143 °C; GC (t;=7.10 min)-EIMS m/z (%) 172 (100,
M*), 157 (39), 144 (22), 130 (22), 117 (22), 104 (9), 89 (35); '"H NMR (DM SO-d,, 270
MHz) & 8.56-8.59 (dd, 2H, C-6 and C-2), 7.47-7.50 (dd, 2H, C-3 and C-5), 7.08-7.10
(dd, 1H, C'-5), 6.47-6.50 (dd, 1H, C'-4), 6.16-6.19 (dd, 1H, C'-3), 4.06-4.17 (q, 2H,
CH,), 1.10-1.29 (t, 3H, CH,); ®C NMR (DMSO-d,, 360 MHz) & 162.03, 147.63,
141.87, 129.40, 126.32, 121.59, 112.60,108.78, 42.19, 16.43; Ana. Cacd for
C,H,N,0,.0.58 H,C.O,: C,54.06; H, 4.86; N, 8.90. Found: C, 54.01; H, 5.03; N,
8.90.

Oxalate salt of 4-(1-propylpyrrol-2-yl)pyridine (252-H,C,0,) was
obtained in 90% yield. mp 115-117 °C; GC(tr=7.45 min)-EIMS m/z (%) 186 (72, M*),
157 (100), 144 (30), 130 (22), 117 (20), 104 (11), 89 (28); '"H NMR (DMSO-d,, 270
MHz) 5 8.55-8.58 (dd, 2H, C-2 and C-6), 7.47-7.50 (dd, 2H, C-3 and C-5), 7.06-7.08
(dd, 1H, C'-5), 6.47-6.49 (dd, 1H, C'-4), 6.14-6.18 (dd, 1H, C-3), 4.02-4.10 (t, 2H,
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CH,N), 1.53-1.64 (m, 2H, CH,), 0.70-0.77 (t, 3H, CH,); *C NMR (DMSO-d,, 360
MHz) & 162.03, 147.82, 141.90, 129.66, 127.10, 121.59, 112.61, 108.49, 48.96,
24.02, 10.70; Anal. Calcd for C,,H,(N,0,.0.58 H,C,O,: C, 55.40; H,5.26; N, 8.52.
Found: C, 55.37; H, 5.46; N, 8.62.

4-(1-1sopropylpyrrrol-2-yl)pyridine (253) was obtained in 87% yield. GC
(t;=6.78 min)-EIMS m/z (%) 186 (56, M*), 171 (10), 144 (100), 117 (21), 89 (18); ‘H
NMR (CDCl,, 360 MHz) & 8.59-8.61 (dd, 2H, C-2 and C-6), 7.26-7.27 (dd, 2H, C-3 and
C-5), 6.98 (dd, 1H, C'-5), 6.28 (m, 2H, C'-3 and C'-4), 4.52-4.59 (m, 1H, CH), 1.43-
1.44 (d, 6H, CH,); *C NMR (CDCI,, 360 MHz) & 150.13, 141.32, 131.34, 123.13,
119.88, 110.59, 109.20, 47.78, 24.31; HR-EIMS Cacd for C,H;,N,: 186.1156986.
Found: 186.115219.

Oxalate salt of 4-(1-cyclopropylpyrrol-2-yl)pyridine (254-H,C.,0,)
was obtained in 97% yield. mp 150.5-151.5 °C; GC (tr=7.87 min)-EIMS m/z (%) 184
(100, M*), 169 (29), 156 (22), 142 (11), 130 (13), 116 (23), 106 (33), 89 (39); '"H NMR
(DM SO-d,, 360MHz) & 8.55-8.57 (dd, 2H, C-2 and C-6), 7.74-7.77 (dd, 2H, C-3 and C-
5), 7.07 (dd, 1H, C'-5), 6.61-6.63 (dd, 1H, C-4), 6.11-6.14 (dd, 1H, C'-3), 3.73-3.74
(m, 1H, NCH), 0.95-1.0 (m, 2H, CH,), 0.81-0.85 (m, 2H, CH,); *C NMR (DM SO-d,,
360 MHz) 5 162.03, 146.99, 141.82, 130.48, 127.20, 121.10, 112.80, 108.37, 30.04,
8.41;, Anal. Cdcd for C ,H,,N,0,-0.38 H,O: C, 59.83; H, 5.29; N, 9.97. Found: C,
59.85; H, 5.15; N, 9.73.

Oxalate salt of 4-(3-ethylfuran-2-yl)pyridine (271-H,C,0,). To the 3-
ethyl-4-oxo-4-(4-pyridyl)butanal 270 (1.00g, 5.23 mmol) in 20 mL THF and 10 mL H,O,
was added 5 mL H,SO, dropwise. The mixture was stirred for 15h a 55 °C. THF was
evaporated in vacuo. The remaining solution was basified and extracted with diethyl ether
(4 x40 mL). The extracts were dried over MgSO4 and the solvent was removed in vacuo.
The crude product was chromatographed (silica gel, 10:1.5 ethyl acetate-hexane) to give
271 (0.875 g, 96.6%). Treatment of 271 in dry diethyl ether with oxalic acid (1.2 eq.)
afforded a precipatate which was recrystallized in methanol/diethyl ether to give a yellow

solid 2710-H,C,0,in 97% yield. mp 170-171 °C (decomposed); GC(t;=6.85 min)-

EIMS m/z (%) 173 (100, M*), 158 (87), 144 (11), 130 (93), 115 (13), 103 (26), 89 (11):
'H NMR (DM SO-d,, 200 MHz) 5 8.61-8.63 (dd, 2H, C-2 and C-6), 7.82 (d, 1H, C'-5),
7.57-7.60 (dd, 2H, C-3 and C-5), 6.65 (d, 1H, C-4), 2.69-2.81 (g, 2H, CH,), 1.18-
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1.26 (t, 3H, CH,); *C NMR (DMSO-d,, 360 MHz) & 161.40, 148.56, 144.21, 143.96,
138.70, 128.86, 118.76, 114.24, 18.67, 13.75; Anal. Cdcd for C,;H,;,O.,N-0.45
H,C,0,: C, 54.93; H, 4.61; N, 459. Found: C, 54.95; H, 4.76; N, 4.58.
1-Methyl-4-(3-ethylthien-2-yl)pyridine (277). To the 3-ethyl-4-oxo-4-(4-
pyridyl)butanal 270 (0.955 g, 5 mmole) in dry toluene (20 mL), was added powdered
phosphorus pentasulfide (5.5 g, 25 mmole). The mixture was stirred for 2h at 100 °C
under N,. The mixture was cooled and trested with water (25 mL) and the agqueous layer
was adjusted to PH=8. The aqueous layer was extracted with ether (3 x 40 mL). The
combined organic layer was washed with dilute Na,CO, solution, dried over MgSO, and
evaporated. The residue was separated through column (silica gel, ethyl acetate:hexane,
10:2). 0.284 g yellow oil was obtained in 30 % yield. GC (t;=6.98 min)-EIMS m/z (%)
189 (71, M*), 174 (100), 147 (20), 130 (15), 115 (6), 102 (7); '"H NMR (CDCl,, 360

MHz) & 8.58-8.62 (dd, 2H, C-3 and C-5), 7.34-7.36 (m, 3H, C-2, C-6 and C'-5), 7.03-
7.04 (d, 1H, ), 2,72-2.78 (g, 2H, CH,), 1.24-1.30 (t, 3H, CH,); *C NMR (CDCL3,
360 Mhz) & 150.00, 142.50, 142.07, 134.30, 129.85, 125.66, 123.34, 22. 169, 15.28;

HR-EIMS Anal. Calcd for C;H,;NS: 189.0612212. Found: 189.061310.

General procedure for the synthesis of the N-methyl-4-substituted
pyridinium iodide: amixture of iodomethane (8 mmol) and 4-substituted pyridine (2
mmol) in anhydrous acetone (10 mL) was stirred at room temperature overnight. After
filtration, the precipitate was recrystallized from the appropriate solvent.

1-Methyl-4-(3-methylfuran-2-yl)pyridinium iodide (266) was recrystallized
from methanol in yield 97%; mp 203-203.5 °C; 'H NMR (DMSO-d,, 200 MHZ) & 8.82-
8.87 (d, 2H, C-2 and C-6), 8.11-8.15 (d, 2H, C-3 and C-5) 8.08-8.10 (d, 1H, C'-5),
6.79-6.80 (d, 1H, C-4), 4.27 (s, 3H, NCH3), 2.46 (s, 3H, CH3); *C NMR (DM SO-d,,
360 MHz) & 147.86, 145.56, 143.70, 143.50, 130.20, 120.68, 118.47, 47.50, 12.95;
Anal. cacd for C;1H,INO: C, 43.88; H, 4.02; N, 4.65. Found: C, 43.71; H, 3.97; N,
4.53.

1-Methyl-4-(3-methylthiophen-2-yl)pyridium iodide (276) was
recrystallized from methanol/diethyl ether in 67% yield. mp 194 °C (decomposed); 'H
NMR (DMSO-d,, 200 MHz) 6 8.87-8.91 (d, 2H, C-2 and C-6), 8.16-8.20 (d, 2H, C-3
and C-5), 7.93-7.98 (d, 1H, C-5), 7.21-7.22 (d, 1H, C-4), 4.30 (s, 3H, NCH3), 2.52
(s, 3H, CH3); “*C NMR (DMSO-d,, 360 MHz) & 148.77, 145.64, 145.19, 141.39,
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133.62, 131.20, 124.35, 46.92, 15.93; Ana cacd Cy;H,INS0.7 H,O: C, 40.06; H,
4.09; N, 4.25. Found: C, 40.02; H, 3.72; N, 4.29.
4-(3,4-Dimethylpyrrol-1-yl)-1-methylpyridinium iodide (236) was
recrystallized from methanol in 90% yield. mp 239-239.5 °C; *H NMR (DMSO-d, 200
MHz) 5 8.79-8.81 (d, 2H, C-2 and C-6), 8.10-8.12 (d, 2H, C-3 and C-5), 7.58 (s, 2H,
C-2 and C-5), 4.14 (s, 3H, NCH3), 2.01 (s, 6H, CH3); *C NMR (DMSO-d,, 360
MHz) 6 149.60, 146.13, 125.81, 117.12, 112.92, 45.88, 9.92; And Cadcd for
CioHisIN,: C, 45.88; H, 4.81; N,8.92. Found: C, 45.72; H, 4.86; N, 8.81.
1-Methyl-4-(3-methylpyrrol-2-yl)pyridinium iodide (261) was
recrystallized from methanol and acetone in 84% yield. mp 244-245 °C; 'H NMR
(DMSO-d;, 200 MHz) 5 8.64-8.67 (dd, 2H, C-2 and C-6), 7.91-7.94 (dd, 2H, C-3 and
C-5), 7.25-7.28 (t, 1H, C'-5), 6.25 (t, 1H, C-4), 4.14 (s, 3H, NCH3), 2.40 (s, 3H,
CH3); ®C NMR (DMSO-d,, 360 MHz) & 145.43, 144.18, 127.73, 126.07, 122.56,
119.09, 115.02, 45.99, 14.44; And Cacd CyjyHisINo: C, 44.02; H, 4.36; N, 9.33.
Found: C, 43.93; H, 4.38; N, 9.26.
4-(1,3-Dimethylpyrrol-2-yl)-1-methylpyridinium iodide (262) was
recrystallized from methanol in 96% yield. mp 274 °C (decomposed); *H NMR (DMSO-
ds, 200 MHz) 5 8.79-8.82 (d, 2H, C-2 and C-6), 7.95-7.99 (d, 2H, C-3 and C-5), 7.14-
7.15 (d, 1H, C-5), 6.14-6.16 (d, 1H, C-4), 4.26 (s, 3H, NCH3), 3.74 (s, 3H,
N'CH3), 2.21 (s, 3H, CH3); “C NMR (DM SO-d,, 360 MHz) 3 146.12, 144.23, 129.71,

125.60, 125.22, 124.43, 111.53, 46.54, 35.85, 13.03; And cdcd for CpoHysINo: C,
45.88; H, 4.81; N, 8.92. Found: C, 45.77; H, 4.86; N, 8.81.
1-Methyl-4-(3-ethylfuran-2-yl)pyridinium iodide (272). To the 4-(3-
ethylfuran-2-yl)pyridine (0.484 g, 2.8 mmol) in 5 mL dry acetone, was added methyl
iodide (5 eg.). The solution was stirred overnight. After filtration, the crude product was
recrystallized from methanol/diethyl ether to afford ayellow solid 272 (0.37 g, 42%). mp
162.5-163.5 °C; '"H NMR (DMSO-d,, 200 MHz) & 8.82-8.85 (dd, 2H, C-2 and C-6),
8.11-8.14 (m, 3H, C-3, C-5 and C'-5), 6.85 (d, 1H, C'-4), 4.28 (s, 3H, NCH,), 2.82-
2.94 (g, 2H, CH,), 1.21-1.29 (t, 3H, CH,); *C NMR (DMSO-d,, 360 MHz) & 147.61,
145.28, 143.03, 142.80, 135.77, 120.30, 115.66, 46.84, 19.13, 13.41; And. Calcd for
C12H14INO: C, 45.73; H, 4.48; N, 4.44. Found: C, 45.56; H, 4.54; N, 4.36.

1-Methyl-4-(3-ethylthien-2-yl)pyridinium iodide (278). To the 4-(3-
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ethylthien-2-yl)pyridine ( 0.19 g, 1 mmole) in 5 mL dry acetone, was added methyl iodide
(5 eq.). The solution was stirred overnight. After filtration, the crude product was
recrystallized from methanol/diethyl ether to afford a yellow solid 278 in 45% yield. mp
164-165 °C; ‘H NMR (DMSO-d,, 360 MHz) & 8.89-8.90 (dd, 2H, C-2 and C-6), 8.13-
8.15 (dd, 2H, C-3 and C-5), 7.97-7.98 (d, 1H, C'-5), 7.30 (d, 1H, C'-4), 4.31 (s, 3H,
NCH,), 2.84-2.88 (q, 2H, CH,), 1.22-1.27 (t, 3H, CH,); **C NMR (DMSO-d,, 360
MHz) & 148.86, 147.12, 145.30, 131.56, 131.36, 130.65, 124.90, 46.98, 22.17, 14.55;
Anal. Calcd for C,H,INS: C, 4352 ; H, 4.26 ; N, 423 . Found: C, 43.55; H, 4.31; N,
4.17 .

General procedures for the synthesis of the oxalate salts of N-methyl-4-
substituted-1,2,3,6-tetrahydropyridine: sodium borohydride (4 mmol) was added
in portions to a stirred solution of the appropriate N-methyl-4-substituted pyridinium iodide
(2 mmol) in 30-150 ml of methanol at 0 °C. The mixture was stirred for an additional 1h a
room temperature and the solvent was subsequently removed in vacuo. The residue was
taken up in 15 ml of water and the aqueous solution was extracted with diethyl ether (4 x
30 mL). The combined organic layers were dried over MgSO,, filtered, and concentrated
to 15% of the original volume. Treatment with oxalic acid (2.4 mmol) in 10 mL of diethyl
ether precipitated the crude oxaate sat which was recrystalized from the appropriate
solvent.

1-Methyl-4-(3-methylfuran-2-yl)-1,2,3,6-tetrahydropyridine oxalate
(103-H,C,0,) was recrystalized from ethanol in 66% yield; mp 157-157.5 °C; GC
(tz=11.31 min)-EIMS m/z (%) 177 (100, M*), 176 (76), 162 (13), 148 (22), 134 (20),
119 (28), 105 (20), 95 (30), 83 (41); ‘H NMR (DMSO-d,, 270 MHz) 5 7.53 (d, 1H, C'-
5), 6.37-6.38 (d, 1H, C'-4), 5.92 (b, 1H, C-5), 3.73 (d, 2H, C-6), 3.24-3.28 (t, 2H, C-
2), 2.77 (s, 3H, NCH,), 2.70 (m, 2H, C-3), 2.1 (s, 3H, CH,); *C NMR (DMSO-d,, 360
MHz) & 164.67, 147.04, 140.98, 126.13, 116.73, 115.35, 115.29, 50.94, 49.19, 41.82,

22.98, 11.49; UV (phosphate buffer, pH 7.4) Ana 264 nm (£=13,204 M™). Ana Cacd

for C13H17NO50.083 H,C,04: C, 57.56; H, 6.30; N, 5.10. Found: C, 57.60; H, 6.35; N,
5.17.

1-Methyl-4-(3-methylthiophen-2-yl)-1,2,3,6-tetrahydropyridine oxalate
(105+H,C,0,) was recrystalized from methanol/diethyl ether in 98% yield. mp 139-140
°C; GC (tg=7.57 min)-EIMS m/z (%) 193 (100, M*), 192 (72), 178 (13), 164 (13), 150

156



(13), 135 (24), 111 (22), 94 (20); '"H NMR (DMSO-d,, 200 MHz) & 7.38-7.40 (d, 1H,
C'-5), 6.90-6.92 (d, 1H, C'-4). 5.83 (b, 1H, C-5), 3.75-3.77 (d, 1H, C-6), 3.28-3.32 {t,
2H, C-2), 2.79 (s, 3H, NCH,), 2.67 (b, 2H, C-3), 2.24 (s, 3H, CH,); *C NMR (DMSO-
d,, 360 MHz) & 164.11, 136.35, 133.39, 131.48, 129.10, 123.23, 119.42, 51.36, 49.65,
41.97, 27.17, 15.30; UV (phosphate buffer, pH 7.4) Anax 264 nm (e=14,211 M™). And
Calcd for Ci3H17NO,4S: C, 55.11; H, 6.05; N, 4.94. Found: C, 54.84; H, 6.04; N, 5.00.

4-(3,4-Dimethylpyrrol-1-yl)-1-methyl-1,2,3,6-tetrahydropyridine
oxalate (96-H,C,0,) was recrystallized from ethanol in 69% yield. mp 152-153°C; GC
(tr=13.87 min)-EIMS m/z (%) 190 (30, M*), 189 (26), 175 (2), 146 (22), 132 (15), 108
(11), 96 (100); ‘*H NMR (DMSO-d,, 270 MHz) 3 6.82 (s, 2H, C-2 and C-5), 5.60 (b,
1H, C-5), 3.65 (s, 2H, C-6), 3.26-3.30 (t, 2H, C-2), 2.7 (s, 3H, NCH,), 1.90 (s, 6H,
CH3); ®C NMR (DMSO-d,, 360 MHz) & 164.58, 132.89, 119.16, 115.30, 100.44,
50.14, 49.17, 41.65, 23.22, 9.90; And Cdcd for Ci4HoN,O4: C, 59.98; H, 7.19; N,
9.99. Found: C, 60.04; H, 7.23; N, 10.07.

1-Methyl-4-(3-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine oxalate
(101-H,C,0,) was recrystalized from methanol/diethyl ether in 56% yield. mp 170 °C
(decomposed); GC (tg=7.60 min)-EIMS mv/z (%) 176 (91, M*), 175 (67), 161 (41), 132
(46), 118 (78), 94 (100); *H NMR (DM SO-dg, 200 MHz) 4 6.61-6.63 (t, 1H, C'-5), 5.89
(b, 1H, C-4), 5.68 (b, 1H, C-5), 3.74 (s, 2H, C-6), 3.27-3.30 (t, 2H, C-2), 2.79 (s,
3H, NCH,), 2.69 (m, 2H, C-3), 2.11 (s, 3H, CH,); *C NMR (DMSO-dg, 360 MHz) &
164.64, 127.86, 126.10, 117.03, 115.54, 112.07, 111.37, 51.15, 49.45, 41.77, 24.24,
13.49; Ana Calcd for Ci3H1gN,O,: C, 58.63; H, 6.81; N, 10.52. Found: C, 58.46; H,
6.86; N, 10.43.

4-(1,3-Dimethylpyrrol-2-yl)-1-methyl-1,2,3,6-tetrahydropyridine
oxalate (102-H,C,0,) was recrystallized from methanol/diethyl ether in yield 62%. mp
144 °C (decomposed); GC (tg=7.10 min)-EIMS m/z (%) 190 (91, M*), 175 (35), 161
(33), 147 (59), 132 (100), 108 (80), 94 (80), 70 (69); ‘H NMR (DMSO-d,, 200 MH2) 5
6.57-6.58 (d, 1H, C-5), 5.8 (d, 1H, C'-4), 5.60 (s, 1H, C-5), 3.76 (d, 2H, C-6), 3.59
(s, 3H, NCH,), 3.28-3.34 (t, 2H, C-2), 2.81 (s, 3H, N'CH,), 1.94 (s, 3H, CH,); **C
NMR (DMSO-d,, 360 mHz) & 164.58, 132.89, 119.16, 115.30, 100.44, 50.14, 49.17,
41.65, 23.22, 9.90; Anal Calcd for Ci4HoN-O,4: C, 59.98; H, 7.19; N, 9.99. Found: C,
59.88; H, 7.23; N, 9.97.
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Oxalate salt of 1-methyl-4-(1-ethylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (97-H,C,0,) was obtained in 80% yield. mp 146.5-147.7 °C; GC
(tz=7.15 min)-EIMS m/z (%). 190 (100, M*), 176 (16), 161 (63), 146 (29), 132 (83),
117 (43), 108 (55), 94 (96); '"H NMR (DM SO-d,, 200 MHz) & 6.82 (dd, 1H, C'-5), 6.06
(m, 1H, C'-3), 5.98-6.01 (m, 1H, C-4), 5.65 (b, 1H, C-5), 3.90-4.0 (q, 2H, N’-CH2),
3.75 (d, 2H, C-6), 3.26-3.32 (t, 2H, C-2), 2.80 (s, 3H, NCH,,), 2.60 (b, 2H, C-3), 1.22-
1.29 (t, 3H, CH,); *C NMR (DMSO-d,, 360 mHz) & 164.39, 131.22, 127.31, 122.89,
116.13, 108.18, 107.13, 51.19, 49.67, 41.76, 41.66, 26.18, 16.61; Anal. Cacd for
C.H,N,0,0.15 H,C,O,: C, 58.46; H,6.96; N, 9.54. Found: C, 58.49; H, 7.03; N,
9.65.

Oxalate salt of 1-methyl-4-(1-propylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (98-H,C.,O,) was obtained in 76% yield . mp 177.5-178 °C; GC
(tz=7.49 min)-EIMS m/z (%) 204 (89, M*), 189 (13), 175 (41), 161 (27), 146 (35), 132
(50), 117 (46), 104 (28), 94 (100); '"H NMR (DM SO-d,, 200 MHz) & 6.80-6.82 (dd, 1H,
C'-5), 6.06-6.09 (m, 1H, C'-3), 5.98-6.01 (m, 1H, C'-4), 5.65 (b, 1H, C-5), 3.85-3.91
(t, 2H, N'CH,), 3.75 (d, 2H, C-6), 3.28-3.32 (t, 2H, C-2), 2.80 (s, 3H, NCH,), 2.60
(b, 2H, C-3), 1.55-1.72 (m, 2H, N'CHCH,), 0.72-0.82 (t, 3H, CH,); *C NMR (DMSO-
d,, 360 mHz) & 164.39, 131.51, 127.45, 123.66, 116.38, 108.22, 106.89, 51.23, 49.71,
48.51, 41.83, 26.35, 24.08, 10.84; Anal. cdcd for C,;H,,N,O,: C, 61.21; H, 7.53; N,
9.52. Found: C, 61.12; H, 7.49; N, 9.55.

Oxalate  salt of 1-methyl-4-(1-isopropylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (99-H,C,0O,) was obtained in 91% yield. mp 180-180.5 °C; GC
(tz=7.38 min)-EIMS m/z (%) 204 (100, M*), 189 (20), 175 (24), 161 (39), 146 (46), 133
(17), 118 (30), 104 (14); '"H NMR (DMSO-d,, 270 MHz) 5 6.94 (s, 1H, C'-5), 6.02-6.03
(m, 1H, C-4), 6.98 (m, 1H, C-3), 5.60 (b, 1H, C-5), 4.43-4.48 (m, 1H, N'CH), 3.75
(d, 2H, C-6), 3.30 (t, 2H, C-2), 2.80 (s, 3H, NCH,), 2.58 (b, 2H, C-3), 1.31-1.34 (d,
6H, CH,); *C NMR (DMSO-d,, 360 mHz) & 164.39, 132.03, 127.85, 118.41, 118.01,
107.53, 107.17, 51.26, 49.76, 46.71, 41.84, 26.99, 23.87; Ana. Cdcd for
C,;H,,N,0,.0.07 H,C,O,: C, 60.50; H,7.42; N, 9.32. Found: C, 60.50; H, 7.44; N,
9.25.

Oxalate salt of 1-methyl-4-(1-cyclopropylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (100-H,C,0,) was obtained in 71% yield. mp 183-183.5 °C; GC
(t,=8.05 min)-EIMS m/z (%) 202 (100, M*), 187 (11), 173 (42), 159 (30), 144 (41), 130
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(36), 118 (41), 94 (55); 'H NMR (DMSO-d,, 270 MHz) & 6.80 (d, 1H, C'-5), 6.08 (m,
2H, C-3 and C'-4), 5.93-5.95 (m, 1H, C-5), 3.77 (s, 2H, C-6), 3.38 (m, 1H, N'CH),
3.28-3.32 (t, 2H, C-2), 2.80 (s, 3H, NCH,), 2.68 (b, 2H, C-3), 0.94-0.98 (m, 2H,
CH,CH,), 0.86 (m, 2H, CH,CH,); 3C NMR (DMSO-d,, 360 MHz) & 164.39, 132.70,
126.76, 123.72, 115.25, 108.43, 106.63, 51.28, 49.68, 41.80, 29.96, 25.24, 8.25;
Anal. Calcd for C,.H,(N,O,: C, 61.63; H, 6.90; N, 9.58. Found: C, 61.53; H, 6.88; N,
9.66.

Oxalate salt of 1-methyl-4-(3-ethylfuran-2-yl)-1,2,3,6-
tetrahydropyridine (104-H,C,0,) was obtained in 86% yield. mp 148.5-149 °C; GC
(tz=6.96 min)-EIMS m/z (%) 191 (26, M*), 176 (6.5), 162 (6.5), 148 (3.3), 133 (15),
105 (20), 91 (14), 83 (45), 70 (100); '"H NMR (DM SO-d,, 200 MHz) & 7.57 (d, 1H, C'-
5), 6.47-6.48 (d, 1H, C'-4), 5.92 (b, 1H, C-5), 3.76 (d, 2H, C-6), 3.26-3.29 (t, 2H, C-
2), 2.79 (s, 3H, NCH3), 2.71 (b, 2H, C-3), 2.50-2.51 (m, 2H, CH,), 1.10-1.17 (t, 3H,
CH,); *C NMR (DMSO-d,, 360 MHz) & 164.32, 146.40, 141.24, 126.36, xx, 115.76,
113.11, 51.01, 49.25, 41.85, 23.09, 18.38, 14.34;, Ana. Cdcd for C ,H,;NO,-0.22
H,O: C, 58.94; H, 6.87; N, 491. Found: C, 58.89; H, 6.78; N, 4.91.

Oxalate salt of 1-methyl-4-(3-ethylthiophen-2-yl)-1,2,3,6-
tetrahydropyridine (106-H,C,0,) was obtained in 90% yield. mp: 162-162.5 °C, GC
(tR=7.13 min)-EIMS m/z (%) 207 (41, M*), 192 (13), 178 (13), 164 (6), 149 (41), 134
(25), 115 (11), 94 (21), 83 (51), 70 (100); ‘H NMR (DM SO-d,, 360 MHz) & 7.41-7.40
(d, 1H, C'-5), 6.99-6.98 (d, 1H, C-4), 5.80 (b, 1H, C-5), 3.73 (d, 2H, C-6), 3.28 (b,
2H, C-2), 2.78 (s, 3H, NCH,), 2.57-2.59 (m, 4H, CH2 and C-3), 1.13-1.17 St, 3H,
CH,); ®*C NMR (DMSO-d,, 360 MHz) & 164.13, 140.07, 136.20, 129.67, 129.07,
123.93, 120.07, 51.60, 49.93, 28.00, 21.87, 15.47; And. Cdcd for C ,H,,NO,S: C,
56.55; H, 6.44; N, 4.71. Found: C,56.42; H, 6.45; N, 4.63.

1-methyl-4-(3-methylfuran-2-yl)-2-pyridone (290). To the mixture of 1-
methyl-4-(3-ethylfuran-2-yl)pyridinium iodide 266 (1.505 g, 5 mmol) with water (15 mL)
a 0 °C, was added the solution of potassium ferricyanide (111) (6 g, 18 mmol 25 mL in
water). To thiswell-stirred mixture was added dropwise a solution of potasium hydroxide
(4 g, 7mmol) in water (7.5mL) at 0 °C over aperiod of 1h. Benzene was then added and
the reaction mixture was stirred a room temperature for 15h. The two layers were
separated and the aqueous layer was extracted with benzene (10 mL x 4). The extracts
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were dried over MgSO4 and the solvent was removed in vacuo. The residue was
recrystallized in benzene/ether, 0.528 g of white solid was obtained (55%). mp: 137-138

°C; GC (t;=8.77 min)-EIMS m/z (%) 189 (100, M**), 161 (56), 160 (58), 146 (11), 132
(63), 117 (26), 91 (24), 77 (13); ‘*H NMR (CDCI,, 200 MHz) & 7.41-7.42 (d, 1H, C'-5),
7.26-7.30 (d, 1H, C-6), 6.74-6.75 (d, 1H, C-3), 6.53-6.57 (dd, 1H, C-5), 6.35 (d, 1H,
C'-4), 3.55 (s, 3H, NCH,), 2.30 (s, 3H, CH,); *C NMR (CDClI,, 360 MHz) & 163.42,
145.42, 142.77, 141.91, 138.14, 122.19, 116.17, 113.75, 103.43, 37.51, 12.62; Ana. Cacd
for C,,;H,;NO,: C, 69.83; H, 5.86; N, 7.40. Found: C, 69.66; H, 5.96; N, 7.33.

4-(2-furanyl)pyridine (301). To furan (3.7 mL. 50 mmol) in 10 mL dry THF,
was add sec-butyllithium (30 mL, 40 mmol) dropwise a 0 °C. The mixture was stirred a
room temperature for 1.5h and was transfered to the solution of ZnCl, (5.5 g, 40 mmol) in
THF (20 mL). The mixture was stirred at room temperature for 2h and transfered to the
mixture of tetrakis(triphenylphosphine)paladinium (0) (1.2 g) and 4-bromopyridine (30
mmol) in THF (15 mL). The mixture was stirred a 40 °C under nitrogen for 16h and
guenched with water. The water layer was adjusted to pH = 8 and extracted with ethyl
acetate (4 x 30 mL). The extracts were dried over MaSO4 and the solvent was removed in
vacuo. Column chromatography (silcagel, ethyl acetate) of the residue afforded 301 as a
white solid (64%). mp: 71 °C; GC (t;=6.10 min)-EIMS m/z (%) 145 (100, M**), 116
(47), 90 (40), 89 (42), 63 (42); '"H NMR (CDCl,, 200 MHz) & 8.57-8.60 (dd, 2H, C-2 and
C-6), 7.49-7.52 (dd, 2H, C-3 and C-5), 7.53-7.54 (m, 1H, C'-5), 6.86-6.88 (d, 1H, C'-3),
6.50-6.53 (dd, 1H, C'-4).

1-Methyl-4-(2-furanyl)-2-pyridone (291). The  1-methyl-4-(2-
furanyl)pyridinium iodide 289 reacted with potassum hydroxide and potasium
ferricyanide (111) using the same method as the synthesis of 290 with ayield of 64%. mp:

171.5-172 °C; GC (t;=8.18 min)-EIMS m/z (%) 175 (100, M**), 147 (37), 146 (33), 118
(53), 104 (13), 91 (11), 77 (11); *H NMR (CDClI,, 200 MHz) & 7.54-7.55 (d, 1H, C'-5),
7.27-7.30 (d, 1H, C-6), 6.85-6.86 (d, 1H, C-3), 6.79-6.81 (d, 1H, C'-3), 6.50-6.53 (dd,
1H, C-4), 6.43-6.48 (dd, 1H, C-5), 3.55 (s, 3H, CH,); *C NMR (CDCI,, 360 MHz) 5
163.41, 150.72, 140.65, 138.48, 112.75, 112.36, 111.70, 110.04, 102.42, 37.55;
1-Methyl-4-(3-methylfuran-2-yl)-3,6-dihydro-2-pyridone (292). To
the stirred solution of 290 (0.64 g, 3.38 mmol) indry THF (15 mL) at -78 °C, was added
dropwise LS-Sdectride (8 mmol) in THF. The temperature was raised to room
temperature slowly and the solution was stirred for 12h. The temperature was droped
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again to -78 °C, a saturated NaCl solution (5 mL) was added. After the temperature was
raised to 0 °C, an aqueous solution of 30% hydrogen peroxide (10 mL) was added slowly
followed by 3M NaOH (5 mL). The aqueous layer was extracted with ethyl ether (30 mL x
3) and the combined organic layer was washed with saturated NaCl solution, dried over
MgSO,. The solvent was removed in vacuo to give the purified white solid in 100% yield.
mp 100.5-101 °C; GC (tr=8.31 min)-EIMS m/z (%) 191 (100, M**), 176 (11), 162 (74),
148 (34), 134 (54), 120 (36), 91(43), 77 (35); '"H NMR (CDCl,, 200 MHz) & 7.26 (b,
1H, C'-5), 6.24-6.23 (d, 1H, C-4), 5.97 (m, 1H, C-5), 4.13-4.06 (d, 2H, C-3), 3.32-
3.38 (dt, 2H, C-6), 3.04 (s, 3H, NCH,), 2.17 (s, 3H, CH,); *C NMR (CDCl,, 360
MHz) & 167.14, 147.14, 140.73, 125.71, 118.00, 115.28, 114.74, 51.11, 34.08, 32.82,
12.00; Anal. Cdcd for C,;H,;NO,: C, 69.09; H, 6.85; N, 7.32. Found: C, 68.99, H,
6.88, N, 7.33.

1-Methyl-4-(3-methylfuran-2-yl)-5,6-dihydro-2-pyridone (294). To a
stirred solution of 292 (0.382 g, 2 mmoal) in tert-butanol (10 mL), was added potassium
tert-butoxide (0.672 g, 6 mmol). After the mixture was stirred for 1 day a room
temperature, hydrochloric acid (600 ml, 37%) was added followed by water (15 mL). The
agueous layer was extracted by ethyl acetate (20 mL x 4). The extracts were washed with
saturated NaCl solution and NapCO3 solution, dried over MgSO4 and the solvent was
removed in vacuo to give 0.39 g of 294 (99%). mp: 113-114 °C; GC (t;= min)-EIMS
m/z (%) 191 (100, M), 163 (13), 148 (36), 134 (9), 120 (49), 91 (51), 77 (11); '"H NMR
(CDCl,, 360MHz) 6 7.34-7.35 (d, 1H, C'-5), 6.29-6.30 (m, 1H, C'-4), 6.09 (s, 1H, C-
5), 3.43-3.48 9, 2H, C-2), 3.00 (s, 3H, NCH,), 2.78-2.82 (dt, 2H, C-3), 2.21 (s, 3H,
CH,); ®C NMR (CDCl,, 360 MHz) & 165.97, 146.39, 142.29, 139.92, 122.16, 116.79,
115.97, 47.30, 34.48, 24.74, 12.65.

The general method for the synthesis of the oxalate salt of deuteride
1-methyl-4-substituted-1,2,3,6-tetrahydropyridine. To the stirred solution of 2-
pyridone ( 1 mmol) in diethyl ether (25 mL), was added the LiAID, (2 mmol). The mixture
was stirred and heated to reflux for 1.5h. The mixture was then cooled with ice water. 25
mL of ice water was added to the mixture slowly. The water layer was extracted with
diethyl ether (30 mL x 3). The extracts were dried over MgSO4 and the solvent was

removed in vacuo. To theresiduein diethyl ether (15 mL), was added a solution of oxdic
acid (1.5 eg.) in ether (10 mL) while stirring. The precipitate was filtered and recrystallized
in methanol/ether.
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Oxalate salt of 1-methyl-4-(3-methylfuran-2-yl)-1,2,3,6-
tetrahydropyridine-6,6-d2 (296-H,C,0,), was obtained in 98% yield. mp 156.5-
157 °C; GC (t;=6.52 min)-EIMS mvz (%) 179 (100, M+ ), 164 (9), 150 (26), 136 (22),
121 (37), 107 (28), 93 (43), 84 (43), 83 (39), 77 (36); ‘H NMR (DMSO-d,, 200 MHz) 5
7.54-7.55 (d, 1H, C-5), 6.39-6.40 (d, 1H, C-4), 5.92 (b, 1H, C-5), 3.25-3.31 (t, 2H,
C-2), 2.78 (s, 3H, NCH3), 2.68-2.74 (t, 2H, C-5), 2.12 (s, 3H, CH3); And. Calcd for
C,3sD,H,NO.: C, 57.98; H+D, 7.11; N, 5.20. Found: C, 58.10; H+D, 6.40; N, 5.14.

Oxalate salt of 1-methyl-4-(2-furanyl)-1,2,3,6-tetrahydropyridine-
6,6-d2 (297-H,C,0,), was obtained in 96% yield. mp: °C; GC (t5=5.98 min)-EIMS;

165 (100, M+*), 146 (4), 136 (30), 122 (25), 96 (16), 93 (50), 83 (30); ‘H NMR (DM SO-
ds, 270 MHz) 5 7.68 (s, 1H, C-5), 6.53 (s, 2H, C-4 and C'-3), 6.09 (s, 1H, C-5), 3.29-
3.34 (t, 2H, C-2), 2.80 (s, 3H, NCH,), 2.61-2.65 (m, 2H, C-3); Ana. Cacd for
C,,D,H,;NO:C, ;H+D, ; N, .Found: C, ; H, ; N, .

Oxalate salt of 1-methyl-4-(3-methylfuran-2-yl)-1,2,3,6-
tetrahydropyridine-2,2-d2 (298-H,C,0,), was obtained in 96% yield. mp 158-159

°C; GC (t;=6.54 min)-EIMS m/z (%) 179 (100, M**), 164 (11), 150 (17), 134 (16), 119
(28), 105 (23), 95 (28), 91 (37), 85 (41), 77 (14), 72 (39); '"H NMR (DMSO-d,, 200
MHz) & 7.53-7.54 (d, 1H, C'-5), 6.38-6.39 (d, 1H, C'-4), 5.94 (b, 1H, C-5), 3.75 (b,
2H, C-6), 2.78 (s, 3H, NCH,), 2.70 (b, 2H, C-3), 2.12 (s, 3H, CH,); Andl. Calcd for
C;H,:D,NO.: C, 57.98; H, 7.11; N, 5.20. Found: C, 57.89; H, 6.35; N, 5.23.
1-Methyl-4-(3-methylfuran-2-yl)pyridinium iodide-1,1,1-d3 (289).
To the 1-methyl-4-(3-methylfuran-2-yl)pyridine 301 (1 mmol) in acetone, was added
iodomethane-d3 (4 mmol). This mixture was stirred overnight at room temperature. The

precipitate was filtered and recrystallized in methanol/ether with yield 84%. mp 204-204.5
°C; '"H NMR (DMSO-d,, 200 MHz) & 8.82-8.87 (dd, 2H, C-2 and C-6), 8.11-8.15 (d,
2H, C-3 and C-5), 8.08-8.09 (d, 1H, C'-5), 6.78-6.79 (d, 1H, C-4), 2.50 (s, 3H, CH3);
Anal. Calcd for C;H,D,INO: C, 43.44; H+D, 4.97; N, 4.60. Found: C, 43.39; H+D,
3.93; N, 4.65.

Oxalate salt of 1-Methyl-4-(3-methylfuran-2-yl)-1,2,3,6-
tetrahydropyridine-1,1,1-d, (303). To 24 (0.5 mmol) in methanol (15 mL) at 0 °C,
was added the sodium borohydride (1.0 mmol) in protions. The mixture was stirred a 0°C
for 1h and then for another 1h a room temperature. The solvent was removed in vacuo.
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The residue was taken up in 15 mL of water and the aqueous solution was extracted with
diethyl ether (4 x 20 mL). The extracts were dried over MgSO4, filtered and concentrated

to 15 mL. Treatment with oxalic acid (0.5 mmol) in 10 mL of diethyl ether precipitated the
oxdate sat which was recrystallized from methanol/ether to give 303 in 97% yield. mp:

158-158.5 °C; GC (t;=6.5 min )-EIMS m/z (%) 180 (100, M**), 165 (13), 151 (27), 137
(15), 119 (28), 105 (26), 97 (28), 95 (26), 91 (45), 86 (45), 77 (28), 73 (42); '"H NMR
(DM SO-d,, 200 MHz) 5 7.54 (d, 1H, C-5), 6.40 (d, 1H, C'-4), 5.94 (b, 1H, C-5), 3.79
(b, 2H, C-6), 3.27-3.33 (t, 2H, C-2), 2.72 (b, 2H, C-3), 2.11 (s, 3H, CH,); And. Cdcd
for C,,D,H,,NO,: C, 57.77; H +D, 7.46; N, 5.18. Found: C, 57.85; H +D, 6.30, N,
5.11
(S)-1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,6-

tetrahydropyridine (354). To asolution of 4-phenyl-1,2,3,6-tetrahydropyridine (3.0
g, 187 mmol) in benzene (50 mL), was added (9-2-ethoxy-4,5-dihydro-4-(1-
methylethyl)oxazole (3.1 g, 19.7 mmol) and 0.05 g p-toluenesulfonic acid. The mixture
was stirred a 50 °C overnight. The solvent was removed in vacuo. The residue was
dissolved in diethyl ether. The organic solution was washed with saturated sodium
bicarbonate solution and dried over MgSO, and the solvent was removed in vacuo. The
solid was recrystallized in cold ether. 4.85 g white solid was obtained in 96% yield. mp:

65-65.5 °C; GC (t;=9.78 min)-EIMS m/z (%) 270 (9, M**), 227 (100), 198 (4), 156 (6),
115 (13), 97 (58); *H NMR (CDCl,, 360 MHz) & 7.26-7.37 (m, 5H, ArH), 6.02-6.06 (m,
1H, C-5), 4.25-4.30 (t, 1H, C'-5), 4.05-4.08 (m, 1H, C-6), 3.98-4.00 (t, 1H, C'-5),
3.77-3.85 (m, 1H, C'-4), 3.54-3.68 (m, 2H, C-2), 2.54-2.58 (m, 2H, C-3), 1.66-1.77
(m, 1H, C'-6), 0.85-0.97 (dd, 6H, CH.); *C NMR (CDCl,, 360 MHz) & 161.16,
140.94, 135.41, 128.57, 127.40, 125.11, 120.91, 70.80, 70.45, 45.61, 42.50, 33.61,
27.28, 19.22, 17.95. Anal. Calcd for C;H,,N,O: C, 75.52; H, 8.20; N, 10.36. Found:
C, 75.40; H, 8.25; N, 10.37.
(R)-1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,6-

tetrahydropyridine (354). The solid was recrystalized in cold ether. 4.85 g white
solid was obtained in 96% yield. mp: 65-65.5 °C; GC (t;=9.78 min)-EIMS m/z (%) 270
(9, M**), 227 (100), 198 (4), 156 (6), 115 (13), 97 (58); '*H NMR (CDCI,, 360 MHz) &
7.21-7.37 (m, 5H, ArH), 6.02-6.05 (m, 1H, C-5), 4.23-4.28 (t, 1H, C'-5), 4.03-4.06
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(m, 1H, C-6), 3.97-4.00 (t, 1H, C'-5), 3.77-3.83 (m, 1H, C-4), 3.54-3.67 (m, 2H, C-
2), 2.54-2.56 (m, 2H, C-3), 1.64-1.73 (m, 1H, C-6), 0.83-0.95 (dd, 6H, CH,); *C

NMR (CDCl,, 360 MHz) 6 161.16, 140.94, 135.42, 128.59, 127.40, 125.11, 120.91,

70.80, 70.45, 45.61, 42.50, 33.61, 27.28, 19.22, 17.93. Ana. Calcd for C,H,,N,O: C,
75.52; H, 8.20; N, 10.36. Found: C, 75.64; H, 8.20; N, 10.38.

Diastereomeric  mixture of  1-[4,5-dihydro-4-(1-methylethyl)-2-
oxazolyl]-4-phenyl-1,2,3,4-tetrahydropyridine-4-d, (357). To the (S)-354
(2.16 g, 8 mmal) in 50 mL dry THF at -78 °C, was added n-butyllthium (3.6 mL, 8.8
mmol) dropwise. The mixture was stirred at this temperature for 20 min. DMSO-d,
(99.9%, 2 g) was added. The mixture was stirred at -78 °C for 20 min and then warmed to
room temperature and diluted with brine. The aqueous layer was extracted with diethyl
ether (30 mL x 3). The extracts were dried over MgSO, and the solvent was removed in
vacuo. The residue was purified through column (chloroform:methanol=10:1). A yellow

oil was obtained in 98% yield. GC (t;=10.30 min) m/z (%) 271 (6, M**), 228 (100), 200
(3), 159 (11), 116 (24), 92 (8); 'H NMR (CDCl,, 360 MHz) & 7.19-7.39 (m, 5H, ArH),

6.85-6.88 (dd, 1H, C-6), 4.81-4.84 (dd, 1H, C-5), 4.31-4.36 (t, 1H, C'-5), 4.02-4.07
(dt, 1H, C'-5), 3.80-3.87 (m, 1H, C'-4), 3.58-3.75 (m, 2H, C-2), 2.12-2.17 (m, 1H, C-
3), 1.80-1.86 (m, 1H, C-3), 1.67-1.76 (m, 1H, C'-6), 0.86-0.98 (dd, 6H, CH,); *C

NMR (CDCl,, 360 MHz) 6 158.06, 145.65, 128.60, 127.91, 127.84, 126.91, 126.89,

125.14, 106.35, 106.11, 71.36, 71.25, 70.56, 42.17, 41.81, 33.65, 33.55, 31.21,
31.03, 19.25, 19.21, 18.18, 18.08.

(S,S)-enriched 1-[4,5-dihydro-4-(1-methylethyl)-2-oxazolyl]-4-
phenyl-1,2,3,6-tetrahydropyridine-6-d, (363). To the (§-1-[4,5-dihydro-4-(1-
methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,6-tetrahydropyridine (2.16 g, 8 mmoal) in 50 mL
dry THF at -78 °C, was added n-butyllithium (3.6 mL, 8.8 mmol) dropwise. The mixture
was stirred at this temperature for 20 min. D,O (100%, 2 g) was added. The mixture was
stirred at this temperature for 30 min and warmed to room temperature and brine was
added. The aqueous layer was extracted with diethyl ether (30 mLx 3). The extracts were
dried over MgSO, and the solvent was removed in vacuo. The residue was separated by
column (silica gel, chloroform:methanol:triethylamine=100:5:5). A white solid was

obtained in 60% yield. GC (t,=9.48)-EIMS m/z (%) 271 (9, M**), 228 (100), 199 (4),
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144 (6), 129 (8), 97 (60); *H NMR (CDCl,, 360 MHZz) & 7.24-7.35 (m, 5H, ArH), 6.03-

6.04 (m, 1H, C-5), 4.24-4.31 (t, 1H, C'-5), 3.97-4.03 (m, 2H, C-6 and C'-5), 3.77-3.83
(m, 1H, C -4), 3.53-3.65 (m, 2H, C-2), 2.55-2.56 (b, 2H, C-3), 1.64-1.73 (m, 1H, C'-

6), 0.83-0.95 (dd, 6H, CH.); **C NMR (CDCl,, 360 MHz) & 161.19, 140.95, 135.51,

128.60, 127.43, 125.14, 120.84, 70.82, 70.40, 42.52, 33.61, 27.28, 19.22, 17.94.
Oxalate salt of the R- or S-enriched 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-6-d, (369-H,C.,0,). (R, R)- or (S §-enriched 1-[4,5-dihydro-4-
(1-methylethyl)-2-oxazolyl]-4-phenyl-1,2,3,6-tetrahydropyridine-6-d, (0.54 g, 2 mmal)
was dissolved in THF (5 mL) with 0.5 g of anhydrous Na,CO,. Acetic formic anhydride
(15 eg.) was added to the solution slowly. The reaction mixture was stirred a room
temperature overnight. After concentrated in vacuo, the residue was dissolved in ether,
washed with saturated sodium bicarbonate solution. The ether solution was dried with
MgSO, and the solvent was removed in vacuo. Theresiduein 1 mL THF was added to the
mixture of LiAIH, in THF (10 mL). The solution was stirred a room temperature for 4h.
After cooling to 0 °C, the reaction was quenched with water (0.5 mL), 20% NaOH (0.5
mL), and water (1 mL). After filteration, the cake was washed with ether (3 x 10 mL).
The ether solution was dried with MgSO4 and the solvent was removed. The residue was
purified through column (chloroform : triethylamine=100:5). A white solid was obtained.
Tothissolid indry diethyl ether (5 mL), was added oxalic acid (1 eg.) solution in diethyl
ether. The precipitate wasfiltered and recrystallized in methanol/ether. A white solid was

obtained in 45% yield. mp: 161 °C; *H NMR (DMSO-d,, 360 MHz) & 7.28-7.52 (m, 5H,

ArH), 6.18 (s, 1H, C-5), 3.75 (s, 1H, C-6), 3.31-3.67 (t, 2H, C-2), 2.81 (s, 3H, CH,),
2.75-2.77 (b, 2H, C-3).

The general methods for the synthesis of the oxalate salts of 1-
cyclopropyl-4-substituted-1,2,3,6-tetrahydropyridines. To a solution of the 1-
chloro-2,4-dinitrobenzene (0.40 g, 2 mmol) in dry acetone (10 mL) was added the 4-
substituted pyridine (2 mmol). The mixture was stirred under reflux overnight. The solid
was filtered and washed with cold acetone. This solid was dissolved in 1-butanol (20-50
mL). Cyclopropylamine was added dropwise & room temperature. The mixture was
stirred a room temperature for 1h and refluxed overnight. The solvent was removed in
vacuo. An agueous solution (30 mL) containing the residue was washed with ethyl
acetone. The water was removed in vacuo. The residue was dissolved in methanol (15
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mL). To this solution a 0 °C, was added NaBH, (5 eg.) in portions. The solution was
stirred at 0 °C for 1h and at room temperature for 3h. The solvent was removed in vacuo.
The residue was dissolved in water (15 mL). The aqueous solution was extracted with
diethyl ether (30 mL x 3). The extracts were dried over MgSO, and the solvent was
removed in vacuo. The residue was purified through column (silica gel, ethyl acetate) and
a yellow oil was obtained. To this yellow oil in diethyl ether (5 mL), was added the
solution of oxaic acid (1 eg.) in dithyl ether. The precipitate was filtered and recrystallized
in methanol/ether. A solid was obtained.

Oxalate salt of 1-cyclopropyl-4-(3-methylfuran-2-yl)-1,2,3,6-
tetrahydropyridine (386-H,C,0,) was obtained in 42%. mp: 156.5-157 °C;
GC(t;=7.58 min)-EIMS m/z (%) 203 (49, M*), 188 (100), 160 (7), 146 (16), 119 (16),
105 (18), 91 (40), 77 (27); 'H NMR (DMSO-d,, 200Mhz) & 7.48-7.49 (d, 1H, C'-5),
6.34-6.35 (d, 1H, C’-4), 5.92 (b, 1H, C-5), 3.58 (d, 2H, C-6), 3.08-3.15 (t, 2H, C-2),
258 (b, 2H, C-3), 2.32 (m, 1H, NCH), 2.09 (s, 3H, CH,), 0.62-0.65 (m, 4H,
NCHCH,); Anal. Calcd for C.H,,NO.: C, 61.42; H, 6.53; N, 4.78. Found: C, 61.36; H,
6.52; N, 4.84.

Oxalate salt of 1-cyclopropyl-4-(3-methylthien-2-yl)-1,2,3,6-
tetrahydropyridine (387-H,C,0,) was obtained in 51% vyield. mp: 152°C; GC
(t;=7.96 min)-EIMS m/z (%) 219 (53, M**), 204 (100), 190 (3), 162 (11), 149 (19), 135
929), 111 913), 91 (18); '"H NMR (DMSO-d,, 360 MHz) & 7.68-7.69 (d, 1H, C'-5),

7.33-7.34 (d, 1H, C'-4), 5.83 (b, 1H, C-5), 3.60-3.64 (b, 2H, C-6), 3.19 (b, 2H, C-2),
256 (b, 2H, C-3), 2.28 (b, 1H, NCH), 2.22 (s, 3H, CH,), 0.65-0.74 (m, 4H,

NCHCH,); *C NMR (DMSO0-d,, 360 MHz) & 163.13, 136.00, 132.11, 131.47, 129.21,

124.07, 122.90, 121.32, 51.26, 49.38, 37.76, 28.48, 15.35, 4.43.

Oxalate salt of 1-cyclopropyl-4-(1-cyclopropylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (384<H,C,0,) was obtained in 70%. mp: 144.5-145.5 °C; GC
(t;=8.68 min)-EIMS m/z (%) 228 (56, M*), 213 (100), 199 (4), 170 (20), 144 (36), 130
(470, 117 (44), 106 (24), 91 (30), 77 (40); '"H NMR (DMSO-d,, 200 MHz) & 6.76 (m,
1H, C'-5), 6.02 (m, 2H, C'-4 and C'-5), 5.91-5.93 (m, 1H, C-3), 3.64 (b, 2H, C-6),
3.31-3.42 (m, 1H, N'CH), 3.17 (t, 2H, C-2), 2.56 (b, 2H, C-3), 2.32-2.45 (m, 1H,
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NCH), 0.86-0.98 (m, 4H, N'CHCH,), 0.68 (m, 4H, NCHCH,); Anal. Cacd for
C,;H,,N,O,: C, 64.13; H, 6.96; N, 8.80; Found: C, 64.05; H, 6.94; N, 8.74.

Oxalate salt of 1-cyclopropyl-4-(3-methylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (383-H,C,0,) was obtained in 64% vyield. mp: 165 °C
(decomposed); GC (t;=8.41 min)-EIMS m/z (%) 202 (60, M*), 187 (100), 159 (7), 150
(27), 130 (28), 118 (40), 106 (13), 94 (24), 80 (18); '"H NMR (DMSO-d6, 270 MHz) &
10.52 (s, 1H, N'H), 6.60 (m, 1H, C'-5), 5.85 (s, 1H, C'-4), 5.67 (b, 1H, C-5), 3.65 (b,
2H, C-6), 3.20 (m, 2H, C-2), 2.59 (b, 2H, C-3), 2.49 (b, 1H, NCH), 0.66-0.74 (m, 4H,
NCHCH,); Anal. Calcd for C;H,,N,O,: C, 61.63; H, 6.90; N, 9.58. Found: C, 61.55;
H, 6.93; N, 9.48.

Oxalate salt of 1-cyclopropyl-4-(3,4-dimethylpyrrol-1-yl)-1,2,3,6-
tetrahydropyridine (385-H,C,0,) was obtained in 70% yield. mp: 157-157.5 °C; GC
(t;=8.56 min)-EIMS m/z (%) 216 (58, M*), 201 (100), 180 (4), 160 (31), 146 (38), 132
(29), 122 (22), 108 (22), 94 (36), 80 (20); ‘H NMR (DMSO-d6, 270 MHz) & 6.77 (s,
2H, C'-2 and C'-5), 5.58 (s, 1H, C-5), 3.43 (b, 2H, C-6), 3.07 (t, 2H, C-2), 2.57 (b,
2H, C-3), 2.15-2.22 (m, 1H, NCH), 0.57-0.59 (d, 4H, NCHCH,); Anal. Calcd for
C,H,,N,O,: C, 62.73; H, 7.24; N, 9.14. Found: C, 62.47; H, 7.25; N, 9.04.

Oxalate salt of 1-cyclopropyl-4-(1,3-dimethylpyrrol-2-yl)-1,2,3,6-
tetrahydropyridine (382-H,C,0,) was obtained in 59% vyield. mp: 161°C;, GC
(t;=7.93 min)-EIMS m/z (%) 216 (67, M*), 201 (100), 187 (2), 160 (22), 146 (24), 132
(47), 108 (53), 91 (18); '"H NMR (DMSO-d,, 270 MHz) & 6.55-6.56 (d, 1H, C'-5), 5.78
(d, 1H, C'-4), 5.58 (b, 1H, C-5), 3.69 (s, 2H, C-6), 3.42 (s, 3H, NCH3), 3.21-3.26 (t,
2H, C-2), 2.41 (b, 2H, C-3), 1.93 (s, 3H, CH3), 0.68-0,82 (m, 4H, NCHCH,); Anal.
Cacld for C,;H,,N,O,: C, 62.73; H, 7.24; N, 9.14. Found: C, 62.47; H, 7.19; N, 9.01.

Enzyme studies
MAO-B was isolated from bovine liver mitochondria according to the method of

Salach and Weyler." The activity was determined spectrophotometrically at 30 °C on a
Beckman 7400 series spectrophotometer using 5 mM MPTP as a substrate and recording
initial rates (120s) of formation of the dihydropyridinium metabolite (Ay,=343 nm,

e=16,000 M) as described previously.** The fina enzyme concentration was calculated
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to be 9 nmol/mL.

All enzyme assays were peformed a 37 °C on a Beckman DU 7400
spectrophotometer. The substrate properties of each test compound (50 uM-1000 pM)
were first examined by recording repeated scans (300 to 500 nm) in the presence of MAO-
B. For kinetic studies, initid rates of oxidation of the tetrahydropyridinyl analogs were
determined at four substrate concentrations. Solutions (ranging from 25 to 1400 mM) of
the substrates were prepared in 100 mM sodium phosphate buffer (pH=7.4). A 480-495
mL aiquot of each solution was added to the sample cuvette which was placed in the
spectrophotometer and maintained at 37 °C. After a3 min equilibration period, 5 mL of the
MAO-B enzyme preparation was added (final MAO-B concentration was 0.09 mM). For
compound 107 and 297, 20 mL MAO-B enzyme-B preparation was added (find MAO-B
enzyme concentration was 0.36 mM ). The rates of oxidation of each substrate were
estimated by monitoring the absorbance of the corresponding dihydropyridium metabolite
every 5 sec for 2 min (for compound 107 and 297, thetimeis 5 min). The K, and Ky
values were calculated from Lineweaver-Burk double-reciprocal plots.

The preparation of 2H NMR samples
A total of 100 mg of [(poly(y-benzyl L-glutamate)] (PBLG, DP 1352, MW 296, 000 from

Sigma) was weighed directly into a5 mm NMR tube. A solution of 15-20 mg of the
compound dissolved in 600-650 mg of CH,CI, was added. The NMR tube was plugged
and centrifuged back and forth until an optically homogeneous mixture was obtained. After
afew minutes in the field a deuterium spectrum was measured with proton broad-band
decoupling. The measureing temperature was 39 °C.
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