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Abstract—Many mammalian tissues express both the A and B forms of monoamine oxidase (MAO), flavoenzymes that catalyze the
oxidative deamination of a variety of endogenous and exogenous amines and the ring a-carbon oxidative bioactivation of neuro-
toxic 1,4-disubstituted-1,2,3,6-tetrahydropyridinyl derivatives. Substrates selective for MAO-A that display good kinetic and spec-
troscopic properties would be of value for developing quantitative assays for MAO-A in tissues that express both the A and B
forms of the enzyme. This paper describes the synthesis of several 1-substituted-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridinyl
derivatives. Kinetic parameters and MAO-A selectivity indicate that 1-allyl- and 1-propyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetra-
hydropyridine should be good candidates to develop a robust spectrophotometric-based assay that is selective for MAO-A. # 2002
Published by Elsevier Science Ltd.

Introduction

The monoamine oxidases A and B (MAO-A andMAO-B)
are mitochondrial flavoenzymes that catalyze the a-car-
bon oxidation of a variety of amines. Examples (Fig. 1)
include the oxidative deamination of endogenous neuro-
transmitter substances, such as serotonin (1),1�3 and
dietary amines, such as the pressor amine tyramine (2).
The resulting iminium products, 3 and 4, undergo
hydrolysis to the aldehydes 5 and 6, respectively.4,5 The
parkinsonian inducing amine 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine [MPTP (7)] is a member of a special
class of cyclic tertiary allylamines that are good MAO-B

substrates.6�9 The MAO-B catalyzed allylic a-carbon
oxidation of 7 generates the dihydropyridinium meta-
bolite 8. Since the hydrolysis of 8 is reversible, its ulti-
mate fate involves a second 2-electron oxidation,
presumably via the free base 9, to form the pyridinium
species MPP+ (10), a mitochondrial toxin that causes
the selective destruction of nigrostriatal neurons.10�13

Human blood platelets and human placentas express
exclusively MAO-B14,15 and MAO-A,16,17 respectively.
Most human tissues, however, express both forms of
the enzyme. For example, the ratios of MAO-B to
MAO-A activity per mg protein in human gut and liver
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Figure 1. Examples of MAO catalyzed a-carbon oxidations.
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mitochondrial preparations are about 1 to 118 and 4 to
1,19,20 respectively. Inhibition of MAO-A can result in
high circulating levels of diet derived tyramine, an
MAO-A selective substrate.21,22 Such high levels of this
pressor amine can lead to severe hypertension.23�25 The
present studies were undertaken in an effort to develop
MAO-A selective substrates to be used in assays to
characterize the MAO-A inhibiting properties of drug
candidates in tissues that express both forms of the
enzyme.

The selective MAO-A substrate serotonin has been
used to measure MAO-A activity but the aldehyde
metabolite 5 does not possess a good chromophore and
therefore these assays depend on radioactivity measure-
ments.26 As shown in Figure 2, kynuramine (11), via the
MAO generated aldehyde 12, gives 4-quinolone (13).
This reaction has been used to estimate MAO-A activity
mainly by fluorescence-based methods.27 We have
developed an ultraviolet–visible (UV–vis) spectro-
photometric-based assay for MAO using 1-methyl-4-(1-
methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (14) as
substrate.28 The lmax for the MAO generated dihydro-
pyridinium metabolite 15 is 420 nm, far from the region
where most biological materials absorb. Furthermore,
unlike the dihydropyridinium metabolite 8 derived from
MPTP,29 15 is stable under prolonged incubation con-
ditions.30 Studies with semi-purified human placenta
MAO-A and beef liver MAO-B have established that
this compound, like kynuramine, is a mixed MAO-A/
MAO-B substrate.28,31 The utility of these substrates is
limited because they require the inhibition of MAO-B
when attempting to estimate MAO-A activity in tissues
such as human gut and liver.

This report describes the results of studies designed to
develop selective MAO-A substrates that will generate
stable metabolites with good UV absorbing properties.
Past efforts have been only marginally successful
because of problems with selectivity and solubility of the
substrates and instability of the dihydropyridinium meta-
bolites.32 The observation that the time and concentration
dependent MAO-B inhibitor 4-phenyl-1-propargyl-

1,2,3,6-tetrahydropyridine (16, Fig. 1)33 is a substrate,
albeit a poor substrate, for MAO-A,34 was the starting
point for the present study.

Results and Discussion

Although controversial,35,36 MAO catalysis is thought
by many to proceed via the single electron transfer
(SET) pathway illustrated in Scheme 1.37,38 According
to this mechanism, one electron from the nitrogen lone
pair of the substrate A is transferred to oxidized flavin
(FAD) to generate the aminyl radical cation B and
FAD.�. Loss of a proton from B gives the radical
intermediate C that undergoes a second 1-electron oxi-
dation to yield the final iminium product D and reduced
flavin (FADH2).

Tertiary propargylamines are thought to inactivate
MAO via covalent bond formation between a nucleo-
philic group present on the enzyme and the enzyme
generated electrophilic ethynyliminium oxidation pro-
duct.39 Consistent with this pathway, the N-propargyl
analogue 16 of the MAO-B selective substrate MPTP
was found to be a good inactivator of beef liverMAO-B.33

Unexpectedly, however, 16 proved to be a modest sub-
strate for human placental MAO-A.34 This behavior
may be rationalized by the pathways shown in Scheme
2. The propargylaminyl radical cation 20 formed from
16 undergoes deprotonation to form either the pro-
pargylic radical 21 (MAO-A pathway) or the pro-
pargylic radical 22 (MAO-B pathway). Loss of a second
electron from 21 yields the dihydropyridinium metabo-
lite (substrate turnover) while loss of the second electron
from 22 gives the electrophilic ethynyliminium species
23 that undergoes a Michael addition reaction with a
nucleophilic group on the enzyme (enzyme inacti-
vation). It should be noted that 16 also is a moderately
effective inactivator of MAO-A. In this case, however,
the partition ratio favors substrate turnover. The fac-
tors that are responsible for the different fates of the
putative propargylaminyl radical cation 20 remain to
be elucidated.

Figure 2. The MAO-A/B catalyzed oxidations of kynuramine (11) and 1-methyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (14).

Scheme 1.
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The MAO-A generated dihydropyridinium metabolite
17 proved to be very unstable. This was apparent from
the hypsochromic shift observed in the UV tracings
during the first few min following initiation of the
metabolic reaction. This shift is likely to be due to oxi-
dation of 17 (lmax 343 nm) to the pyridinium species 19
(lmax 290 nm). Since the conversion of 17 to 19 (Fig. 1)
involves a net loss of two electrons, it is reasonable to
speculate that this reaction proceeds via the corre-
sponding dihydropyridinyl free base 18. Due to the
electronegativity of the propargyl group, the equili-
brium between 17 and 18 will be shifted to the right
relative to that of the N-methyl analogue 8. The result-
ing higher concentration of the free base 18 compared
to 9 could account for the more rapid oxidation of 17 to
19. This view is supported by the greater stability of the
dihydropyridinium metabolite 15 (stable chromophore
for at least 2 h), formed from the pyrrolyl analogue 14,
compared to the corresponding dihydropyridinium
metabolite 8. The more extensive resonance stabiliza-
tion of the pyrrolyl species (15a$15b) compared with
the phenyl species (8a$8b) makes 15 a weaker acid than
8. The resulting lower equilibrium concentrations of the
free base 24 versus 9 should slow the rate of oxidation
of 15 compared to that of 8 (Fig. 3).

This analysis plus the excellent MAO-A substrate
properties of 14 prompted us to examine the efficiencies
with which MAO-A and MAO-B catalyze the oxidation
of a series of 1-substituted-4-(1-methylpyrrol-2-yl)-
1,2,3,6-tetrahydropyridinyl derivatives (25–29) to the
corresponding dihydropyridinium metabolites (30–34).
We anticipated that these compounds would display
MAO-A selective substrate properties, as observed with
the 4-phenyl-1-propargyl derivative 16, but would yield
stable dihydropyridinium metabolites, as observed with
the pyrrolyl analogue 14.

In order to approximate more closely the environment
in which these enzymes function in vivo, we utilized
mitochondrial preparations rather than the semi-purified
enzymes in these studies. Estimates of the concen-
trations of MAO-A in human placental mitochondria
(which express MAO-A activity only) and MAO-B in
beef liver mitochondria (which express MAO-B activity
only) were obtained as follows. The turnover number
(nmol metabolite formed/nmol enzyme-min or min�1) for
the semi-purified human placental MAO-A catalyzed oxi-
dation of 1-methyl-4-phenoxy-1,2,3,6-tetrahydropyridine

Scheme 2.

Figure 3. Acid-base equilibria for the dihydropyridinium species 8 and 15.
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(35) at 37 �C has been reported to be 130 min�1.40 We
therefore estimated the number of nmol MAO-A/mg
human placental mitochondrial protein, by determining
the initial rate of oxidation of 4 mM 35 (Vmax condi-
tions and linear rate of oxidation) by human placental
mitochondria as described previously.40 The observed
rates of triplicate determinations (16.3, 15.1 and 16.3
nmol metabolite formed/min-mg protein) gave an esti-
mate of 0.12 nmol MAO-A/mg protein. The concentra-
tion of MAO-B in mitochondria prepared from beef
liver was estimated with 5 mM MPTP and the reported
turnover number for the purified beef liver MAO-B
catalyzed oxidation of 5 mM MPTP (204 min�1) at
30 �C.41 Duplicate determinations of this rate (9.6 and
9.3 nmol metabolite formed/mg protein-min) gave an
estimate of 0.05 nmol MAO-B/mg protein. These values
have been used to express the rates of oxidation of the
substrates examined in this study in units of nmoles
dihydropyridinium metabolite formed/min-nmol enzyme
or min�1.

The spectrophotometric assay used in these studies
involves the treatment of post mitochondrial incubation
mixtures with HClO4 to precipitate the macromolecular
fraction before scanning the spectrum to determine the
amount of dihydropyridinium metabolite formed. All
assays for Km and Vmax were performed in triplicate (see
Table 1). The averaged values of these determinations
are presented in the discussion that follows. With the
exception of the 1-propargyl analogue 25 (see below),

the rates of metabolite formation for all substrates at
Km were constant over at least a 30-min incubation
period.

We first examined the interactions of human placental
and beef liver mitochondrial preparations with the
N-methyl analogue 14, a known MAO-A/MAO-B
mixed substrate for which we had a synthetic standard
of the dihydropyridinium metabolite 15.42 Figure 4
shows a series of scans obtained with 10-min incubation
mixtures containing 14 (25–200 mM) and human pla-
cental mitochondria (equivalent to 18 nM MAO-A, Fig.
4a) and beef liver mitochondria (equivalent to 7.5 nM
MAO-B Fig. 4b). The inserts show the double recipro-
cal plots from which we calculated the Vmax and Km

values for the two reactions. The MAO-A selectivity at
Vmax [Vmax(MAO-A)/Vmax(MAO-B)] for this substrate
is 135/361=0.37. The corresponding value for MPTP,
determined under these conditions, is only 11/
169=0.07. Consequently, replacement of the 4-phenyl
substituent with the 4-(1-methylpyrrol-2-yl) substituent
increases the selectivity for MAO-A by a factor of 5.
This difference reflects the very poor Vmax value (11
min�1) for the MAO-A catalyzed oxidation of MPTP.
When measured in terms of the Vmax/Km, the overall
MAO-A selectivity coefficient [SCMAO-A=Vmax/
Km(MAO-A)/Vmax/Km(MAO-B] for the pyrrolyl com-
pound (0.8), however, is similar to the corresponding
value for MPTP (0.5) due to the low Km value (32 mM)
for the MAO-A catalyzed oxidation of MPTP.

Table 1. The MAO-A and MAO-B substrate properties of selected 1,4-disubstituted-1,2,3,6-tetrahydropyridinyl derivatives

MAO-A MAO-B

Km
a Vmax

b Vmax/Km
c Km

a Vmax
b Vmax/Km

c SCMAO-A

7 MPTP Avg 32d 11 338 227e 169 748 0.5
SD, CV 3, 9 2, 21 74, 22 42, 19 28, 17 37, 5

14 N–CH3 Avg 45f 135 3010 100f 361 3740 0.8
SD, CV 14, 31 38, 28 227, 8 16, 16 97, 27 1285, 34

25 CH2CCH Avg 163f,g 135 831 ND ND ND —
SD, CV 22, 13 21, 16 97, 12 — — —

26 CH2CN Avg 172g 62 371 576h 149 253 1.5
SD, CV 47, 27 10, 17 49, 13 90, 16 51, 34 56, 22

27 CH2CHCH2 Avg 48f 92 1890 133i 12 90 21.0
SD, CV 5, 11 14, 15 78, 4 10, 7 0.6, 5 3, 3

28 CH2CH2CH3 Avg 18j 81 4490 228i 52 230 19.5
SD, CV 2, 9 9, 11 545, 12 24, 11 3, 6 14, 6

Average of three determinations; SD, standard deviation; CV, coefficient of variation; ND, not determined. See text for explanation; SCMAO-A,
selectivity coefficient.
amM.
bnmol metabolite/min-nmol enzyme.
cnmol metabolite formed/min-nmol enzyme mM.
Substrate concentration range:
d50–300 mM.
e100–600 mM.
f25–200 mM.
g100–400 mM.
h200–1000 mM.
i50–300 mM.
j20–80 mM.
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The synthetic route to the targeted tetrahydropyridinyl
derivatives is shown in Scheme 3.43 Sequential reactions
of 1-methylpyrrole (36) with s-butyllithium followed by
ZnCl2 gave the zinc reagent 37 that underwent a cross
coupling reaction with 4-bromopyridine in the presence
of Pd(PPh3)4. The resulting pyridinylpyrrole 38 was
treated with the required alkyl bromide to yield the

pyridinium intermediates 39–43 that were reduced to
the desired tetrahydropyridinyl products. Special fea-
tures for the preparation of specific analogues are dis-
cussed separately.

Aqueous solutions of the oxalate salt of the propargyl
analogue 25 (pKa 6.4) turned yellow upon standing. We
speculated that oxalic acid (first pKa 1.23) is too weak
an acid to protonate 25 fully and that the free base was
undergoing autoxidation. Attempts were made to pre-
pare a more stable salt with HClO4 but 25 underwent
rapid decomposition to highly colored products when
treated with this strong acid. The HCl salt of 25 proved
to be easy to prepare and was adequately stable in
solution for enzyme kinetic studies. However, upon
standing for a prolonged period, this HCl salt under-
went slow decomposition.

Studies with beef liver mitochondria established that 25
is not an MAO-B substrate (absence of a chromophore
corresponding to the dihydropyridinium metabolite 30).
This behavior was expected since an earlier study had
established that 25 inactivates semi-purified beef liver
MAO-B.44 The estimated kinact/KI value [1.3 (min-
mM)�1] is similar to that found for the inactivation of
semi-purified beef liver MAO-B by the phenyl analogue
16 [(kinact/KI=1.4 (min-mM)�1].33 In the present study,
we examined the inactivation of beef liver mitochondrial
MAO-B (equivalent to 75 nM MAO-B) by 400 mM 25.
The remaining enzyme activity was measured using 4 mM
14. MAO-B activity was completely inhibited by 20 min.

Similar to the behavior of the phenyl analogue 16, this
propargyl derivative proved to be a human placental
mitochondrial MAO-A substrate. In contrast to the
other pyrrolyl analogues examined in this study, the
plot of the concentration of the dihydropyridinium
metabolite 30 generated with 2 mM 25 (Vmax condi-
tions) versus time was curvilinear (Fig. 5). We conclude,
therefore, that 25 is a relatively weak inactivator of
MAO-A. No shift in the lmax value corresponding to
the dihydropyridinium metabolite 30 was observed in
the tracings over a period of 40 min. This result con-
firms our expectations, based on resonance considerations
discussed above (Fig. 3), that the pyrrolyl-
dihydropyridinium metabolite 30 would be stable under
these incubation conditions. Experiments (10-min incu-
bation periods) to determine the substrate concentration
dependent rates of dihydropyridinium metabolite for-
mation established the Vmax (125 min�1) and Km (162

Figure 4. (a) UV–vis scans (duplicate assays) of 10 min-incubation
mixtures (after precipitation of proteins with HClO4) containing 25–
200 mM 1-methyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine
(14) and human placental mitochondria (equivalent to 18 nM MAO-
A). (b) The corresponding tracings with beef liver mitochondria
(equivalent to 7.5 nM MAO-B). The inserts show the double recipro-
cal plots derived from the tracings.

Scheme 3. Synthetic route to 4-(1-methylpyrrol-2-yl)-1-substituted-1,2,3,6-tetrahydropyridines 25–29: reagents: (i) sec-butyllithium in THF;
(ii) ZnCl2; (iii) 4-bromopyridine/Pd(PPh3)4/THF; (iv) alkyl bromide/acetone; (v) NaBH4/MeOH or NaCNBH3/MeOH.
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mM) values for this substrate.44 The corresponding
values for the 4-phenyl analogue 16 could not be deter-
mined because of its relatively potent MAO-A inacti-
vating properties. Thus, the N-propargyl analogues 16
(phenyl) and 25 (pyrrolyl) both inactivate beef liver
MAO-B efficiently. By contrast, the phenyl analogue is
a very poor human placental mitochondrial MAO-A
substrate (the rate too slow to measure) while the pyr-
rolyl analogue is a good MAO-A substrate [Vmax/
Km=831 (min-mM)�1].

The inactivation of MAO-B by the propargylamine 25
presumably proceeds according to the mechanism
shown in Scheme 2 for the phenyl analogue 16 with the
ethynyliminium species 45 serving as the bioalkylating
agent. An analogous pathway should not operate with

the cyanomethyl analogue 26 since the cyanoiminium
species 46, if formed, will not alkylate the enzyme.

The synthesis of 26 (Scheme 4) was pursued according
to the route outlined in Scheme 3. Attempted reduction
of the cyanomethylpyridinium intermediate 40 with
NaBH4 in ethanol, however, failed to yield the expected
tetrahydropyridinyl product. UV analysis of the reac-
tion mixture indicated that all of the starting material
had been consumed within 5 min after the addition of
the NaBH4. It appeared, therefore, that the second
reductive step, via the dihydropyridinium species 31,
was not proceeding. Since the pKa of 26.HCl is only 3.5
(compared to 9.5 for 14.HCl), we speculated that the
initially formed N-cyanomethyldihydropyridine 47 is
too weak a base to undergo protonation in methanol.

Figure 5. A plot of the UV absorbance (420 nm) versus time obtained from incubation mixtures of human liver mitochondria containing 2 mM 25

and 18 nM MAO-A.

Scheme 4.
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Consistent with this view, when the reaction was carried
out with NaCNBH3 at pH 5, the tetrahydropyridine 26,
as its HCl salt, was obtained in 43% yield.

Compound 26 was found to be a good MAO-A
[Km=172 mM; Vmax=62 min�1; Vmax/Km=371 min-
mM)�1] and MAO-B [Km=576 mM; Vmax=149 min�1;
Vmax/Km=253 (min-mM)�1] substrate. As expected,
evidence for the time dependent loss in enzyme activity
was not observed with either enzyme.

We next turned our attention to the corresponding
N-allyl analogue 27 that was prepared by NaBH4

reduction of the pyridinium species 32. The corre-
sponding 4-phenyl analogue 48 (Fig. 1) is neither an
MAO-A nor an MAO-B substrate.34 Kinetic studies
with mitochondrial human placental MAO-A estab-
lished the Km and Vmax values for 27 to be 48 mM and
92 min�1, respectively. This compound proved to be a
poor MAO-B substrate. Because of its poor MAO-B
substrate properties, the kinetic values reported here
(Km=133 mM and Vmax=12 min�1) had to be obtained
with a concentration of MAO-B 10 times higher than
that required for N-methyl (14) and N-cyanomethyl (26)
analogues. The SCMAO-A for the N-allyl analogue 27
was calculated to be 21.0. The resulting dihydro-
pyridinium metabolite 32 was stable over a 60-min
incubation period. Furthermore, there was no evidence
of loss of MAO-A or MAO-B activity in the presence of
2 mM 27 over time. Consequently either the eneiminium
species 49 (Scheme 2) is not formed or is not an effective
alkylating agent.

The 1-propyl analogue 28 proved to be an equally poor
MAO-B substrate (228 mM and 52 min�1). The MAO-B
substrate properties of the corresponding phenyl analo-
gue 50 (Fig. 1) are too poor to yield useful kinetic
data.33 Compound 28, however, is an excellent MAO-A
substrate (Km=18 mM; Vmax=81 min�1). No evidence
of enzyme inactivation was observed with either enzyme
and the dihydropyridinium metabolite 33, like the cor-
responding N-methyldihydropyridinium species 15, was
stable for at least 2 h. In view of these excellent MAO-A
substrate characteristics of the N-propyl analogue, we
were somewhat surprised to observe that the corre-
sponding N-isopropyl analogue 29 is neither an MAO-
A nor an MAO-B substrate. The exact features of the
active site that lead to such dramatic differences in sub-
strate properties remain to be investigated.

The results of these studies are summarized in Table 1.
With respect to MAO-B, it is apparent that, with the
exception of the propargyl analogue 25, replacement at
C4 of the phenyl substituent with the 1-methylpyrrol-
2-yl substituent leads to enhanced MAO-B substrate
properties. Thus, in the 4-phenyl series, only MPTP is a
good MAO-B substrate [Vmax/Km=748 (min-mM)�1].
The rates of oxidation of the N-propargyl, N-allyl and
N-propyl analogues of MPTP all are too slow to
measure even when high (mM) substrate concentrations
are used. In the 4-pyrrolyl series examined in this study,
the Vmax/Km value for the MAO-B catalyzed oxidation
for the N-propargyl analogue 25 could not be measured.

The four other analogues had Vmax/Km values that ran-
ged from a low of 90 (min-mM)�1 for the N-allyl ana-
logue 27 to a high of 3740 (min-mM)�1 for the
N-methyl analogue 14. The time and concentration
dependent MAO-B inhibiting properties of the pro-
pargyl analogue 25 are remarkable when contrasted
with its very good MAO-A substrate properties [Vmax/
Km=831 (min-mM)�1].

The very good to excellent MAO-A substrate properties
[Vmax/Km=371 to 4490 (min-mM)�1] for the 5 pyrrolyl
analogues 14 and 25–28 examined here are of particular
interest. The principal goal of this effort has been to
identify selective MAO-A substrates that may be useful
for the analysis of MAO-A activity in tissues that
express both the A and B forms of the enzyme. In this
regard, the SCMAO-A values of approximately 20 for the
N-allyl analogue 27 and N-propyl analogue 28 recom-
mend these compounds as candidates for further devel-
opment. The stability of the corresponding MAO-A
generated dihydropyridinium metabolites 32 and 33 and
the absence of any evidence for loss of MAO-A activity
with time also are desirable properties for assay deve-
lopment. Although the MAO-A selectivity of the
N-propargyl analogue 25 is even better than the N-allyl
and N-propyl analogues due to its MAO-B inactivating
properties, the apparent loss of MAO-A activity over
time (Fig. 5) makes this compound less attractive for
assay development.

Current efforts are being directed to examining the sub-
strate properties of these compounds in human gut and
liver mitochondrial preparations and to evaluate further
their utility for selective analysis of MAO-A activity.
Additional studies are underway to expand our under-
standing of the structure–activity relationships that
govern MAO-A and MAO-B selectivity of 1,4-dis-
ubstituted-1,2,3,6-tetrahydropyridinyl derivatives.

Experimental

Important notice: Some 1,4-disubstituted-1,2,3,6-tetra-
hydropyridines are known nigrostriatal neurotoxins and
should be handled using disposable gloves in a properly
ventilated hood following good laboratory practices.
Detailed procedures for the safe handling of MPTP have
been reported.45

Chemistry

General methods. Unless otherwise noted, reagents and
starting materials were obtained from commercial sup-
pliers and were used without purification. THF was
distilled over sodium and benzophenone. ZnCl2 was
flame dried before use. All reactions were carried out
using flame-dried glassware under an atmosphere of
argon. Proton and carbon NMR spectra were recorded
on a Bruker AM 360-MHz spectrometer. Chemical
shifts are reported in ppm downfield from internal tet-
ramethylsilane. Spin multiplicities are given as s (sing-
let), d (doublet), t (triplet), sext (sextet) or m (multiplet).
Coupling constants (J) are given in hertz (Hz). All
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UV–vis spectra were recorded on a Beckman DU 7400
spectrophotometer.

pKa Measurements. Estimations of the pKas of salts of
the 1-substituted-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetra-
hydropyridinyl derivatives (1 mM solution in water, 20
mL) were made using a Corning 320 pH meter and a
Corning ‘3 in 1’ Combo w/RJ electrode. The com-
pounds were titrated potentiometrically at 23 �C with
standard aqueous 2.02 mM NaOH (prepared from a
0.1009M volumetric standard purchased from Aldrich).
The calibration of the electrode was made using two
buffer solutions at pH 4.00 (potassium phosphate
monobasic-sodium hydroxide buffer, 0.05M) and at pH
7.00 (potassium biphthalate buffer, 0.05M) purchased
from Fisher. All pKa determinations were performed in
duplicate.46

Oxalate salt of 4-(1-methylpyrrol-2-yl)pyridine
[38.(COOH)2]. The free base 38 has been reported pre-
viously.47 A solution of 1-methylpyrrole (36, 19.5 mL,
0.22 mol) in THF (200 mL) was treated with sec-BuLi
(170 mL of a 1.3M solution in cyclohexane, 0.22 mol) at
0 �C. The mixture was stirred for 1 h at room tempera-
ture and then added to a solution of ZnCl2 (33.2 g, 0.24
mol) in THF (400 mL) at room temperature. After 1 h,
this mixture was added to a solution of 4-bromo-
pyridine (18.4 g, 0.12 mol) and Pd(PPh3)4 (1.39 g, 1.2
mmol) in THF (200 mL). After stirring under reflux for
2 h and at room temperature for 24 h, the mixture was
treated with a saturated aqueous solution of NH4Cl
(300 mL). The pH was adjusted to 10 with aq NaOH,
the mixture was filtered and most of the THF was
removed under reduced pressure. The remaining aqu-
eous phase was extracted with AcOEt (2�150 mL). The
combined organic phases were washed with water
(2�150 mL) followed by brine (150 mL) and were dried
over MgSO4. The isolated crude solid was dissolved in
ether and a saturated solution of oxalic acid in ether was
added with stirring. After filtration, the solid was
recrystallized from CH3OH/ether to give the oxalate salt
of 38 as light-yellow crystals (21.6 g, 73%): mp 143–
145 �C; 1H NMR (D2O) d 3.72 (s, 3H), 6.19 (m, 1H),
6.82 (m, 1H), 6.99 (m, 1H), 7.73 (m, 2H), 8.32 (m, 2H);
13C NMR (D2O) d 25.4, 99.0, 106.4, 109.6, 116.8, 122.2,
128.5, 136.7, 153.6. Anal. calcd for C12H12N2O4

. 0.18
H2O (251.44): C, 57.27; H, 4.91; N, 11.13. Found: C,
57.27; H, 5.04; N, 10.95; FAB-HRMS: Calcd for
C10H11N2

+: 159.0922. Found: 159.0916.

4-(1-Methylpyrrol-2-yl)-1-propargylpyridinium bromide
(39.Br). Propargyl bromide (2.9 mL, 26 mmol) was
added to a solution of free base 38 (1 g, 6.4 mmol) in
acetone (20 mL). The mixture was stirred for 20 h at
room temperature and the resulting precipitate was col-
lected and crystallized from EtOH to give 39.Br as yel-
low crystals (1.52 g, 86%): mp 213–215 �C (dec.); UV
(H2O) lmax 376 nm (e 26,300); 1H NMR (CD3OD) d
3.49 (t, J=2.5 Hz, 1H), 4.01 (s, 3H), 5.42 (d, J=2.5 Hz,
2H), 6.35 (m, 1H), 7.17 (m, 1H), 7.24 (m, 1H), 8.11 (m,
2H), 7.83 (m, 2H), 8.74 (m, 2H); 13C NMR (CD3OD)
d?37.9, 49.7, 75.8, 80.8, 112.1, 120.6, 123.0, 129.6, 135.8,
144.2, 149.4. Anal. calcd for C13H13BrN2 (277.15): C,

56.33; H, 4.73; N, 10.11. Found: C, 56.17; H, 4.80; N,
10.10.

4-(1-Methylpyrrol-2-yl)-1-propargyl-1,2,3,6-tetrahydro-
pyridine hydrochloride (25.HCl). To a stirred suspen-
sion of 39.Br (1 g, 3.6 mmol) in EtOH (30 mL) was
added NaBH4 (0.56 g, 15 mmol). After stirring at room
temperature for 2 h, the reaction mixture was treated
with water (20 mL) and most of the EtOH was removed
under reduced pressure. The aqueous layer was extrac-
ted with AcOEt (3�20 mL) and the combined organic
phases were dried over MgSO4 and the solvent removed
under reduced pressure. The residue as the free base was
purified by silica gel chromatography (AcOEt). A
methanolic solution of HCl (1.5 equiv) was added at
0 �C to a solution of the free base in EtOH (2 mL) and
the resulting precipitate was recrystallized from EtOH
to give 25.HCl as light-yellow crystals (406 mg, 58%):
mp 174–176 �C; UV (0.1M Na2HPO4/NaH2PO4 buffer,
pH 7.4) lmax 261 nm (e 10,047); 1H NMR (D2O) d 2.81
(m, 2H), 3.15 (t, J=2.5 Hz, 1H), 3.68 (s, 3H), 2.70–4.10
(m, 4H), 4.17 (d, J=2.5 Hz, 2H), 5.82 (m, 1H), 6.19 (m,
1H), 6.27 (m, 1H), 6.82 (m, 1H); 13C NMR (CD3OD) d
27.2, 36.3, 45.9, 50.1, 51.3, 73.2, 81.4, 108.4, 110.2,
114.8, 126.8, 129.8; 132.2. Anal. calcd for C13H17ClN2

(236.73): C, 65.96; H, 7.24; N, 11.83. Found: C, 65.94;
H, 7.38; N, 11.68.

1-Cyanomethyl-4-(1-methylpyrrol-2-yl)pyridinium bromide
(40.Br). Reaction of bromoacetonitrile (1.74 mL, 25
mmol) and the free base 38 (1 g, 6.3 mmol) in acetone
(25 mL) for 4 h at room temperature gave a solid that
was crystallized from MeOH/H2O to give pure 40.Br as
yellow needles (1.53 g, 87%): mp 235–238 �C (dec.); UV
(H2O) lmax 387 nm (e 32710); 1H NMR (CD3OD) d
4.03 (s, 3H), 4.87 (s, 2H), 6.38 (m, 1H), 7.26 (m, 1H),
7.29 (m, 1H), 8.14 (m, 2H), 8.70 (m, 2H); 13C NMR
(D2O) d 37.8, 46.5, 111.7, 114.2, 120.5, 122.0, 128.4,
136.2, 143.6, 148.4. Anal. calcd for C12H12BrN3

(278.14): C, 51.82; H, 4.35; N, 15.11. Found: C, 51.98;
H, 4.45; N, 15.18.

1-Cyanomethyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydro-
pyridine hydrochloride (26.HCl). To a suspension of
40.Br (500 mg, 1.8 mmol) in EtOH (20 mL) was added
NaCNBH3 (0.57 g, 9 mmol). The pH of the reaction
mixture was adjusted approximately to 5 with aq HCl.
The mixture was stirred at room temperature for 24 h at
which time 10% aq HCl (10 mL) was added. This mix-
ture was stirred for an additional 15 min and then was
treated with aqueous KOH (pH 8.5) and extracted with
ether (3�20 mL). The combined organic phases were
dried over MgSO4, filtrated through basic alumina and
the solvent removed under reduced pressure. A meth-
anolic solution of HCl (1.5 equiv) was added at 0 �C to a
solution of the free base in EtOH (2 mL). The pre-
cipitate was collected and crystallized (EtOH/MeOH) to
give pure 26.HCl as light-orange crystals (184 mg,
43%): mp 178–180 �C (dec.); UV (H2O) lmax 263 nm (e
9633); 1H NMR (DMSO-d6) d 2.66 (m, 2H), 3.29 (m,
2H), 3.63 (s, 3H), 3.74 (m, 2H), 4.46 (m, 2H), 5.77 (m,
1H), 5.97 (m, 1H), 6.10 (m, 1H), 6.77 (m, 1H); 13C
NMR (D2O) d 26.1, 35.9, 43.1, 50.6, 51.5, 107.4, 108.9,

3038 P. Bissel et al. / Bioorg. Med. Chem. 10 (2002) 3031–3041



112.5, 114.9, 126.7, 128.1, 132.1. Anal. calcd for
C12H16ClN3 (237.73): C, 60.63; H, 6.78; N, 17.68.
Found: C, 60.36; H, 6.95; N, 17.45.

1-Allyl-4-(1-methylpyrrol-2-yl)pyridinium bromide (41.Br).
Treatment of the free base 38 (1 g, 6.3 mmol) with allyl
bromide (2.2 mL, 25 mmol) according to the previous
description gave 1.65 g (94%) of the corresponding
allylpyridinium bromide 41.Br as yellow needles from
EtOH: mp 206–208 �C; UV (H2O) lmax 372 nm (e
28,768); 1H NMR (CD3OD) d 3.99 (s, 3H), 5.10 (m,
2H), 5.51 (m, 2H), 6.18 (m, 1H), 6.34 (m, 1H), 7.13 (m,
1H), 7.21 (m, 1H), 8.08 (m, 2H), 8.61 (m, 2H); 13C
NMR (CD3OD) d 37.9, 62.9, 111.9, 120.0, 123.1, 123.2,
129.7, 132.4, 135.3, 144.8, 148.8. Anal. calcd for
C13H15BrN2 (279.17): C, 55.93; H, 5.42; N, 10.03.
Found: C, 55.96; H, 5.53; N, 9.88.

1-Allyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine
hydrochloride (27.HCl). The free base of this compound
was prepared according to the procedure described
previously for the corresponding free base of the pro-
pargyl derivative 25. A methanolic solution of HCl (1.5
equiv) was added at 0 �C to a solution of the free base in
MeOH (2 mL). After standing overnight in the freezer,
pure 27.HCl (59%) was obtained: mp 196–198 �C; UV
(H2O) lmax 268 nm (e 11,376); 1H NMR (DMSO-d6) d
2.55–2.74 (m, 2H), 3.15 (m, 1H), 3.52 (m, 1H), 3.64 (s,
3H), 3.71 (m, 1H), 3.78–3.82 (m, 3H), 5.54 (m, 2H), 5.76
(m, 1H), 5.98–6.13 (m, 3H) 6.77 (m, 1H), 10.97 (bs, 1H);
13C NMR (CD3OD) d 27.3, 36.3, 50.0, 51.3, 59.4, 108.4,
110.1, 115.3, 126.6, 127.0, 127.8; 129.9. Anal. calcd for
C13H19ClN2 (238.75): C, 65.40; H, 8.02; N, 11.73.
Found: C, 65.37; H, 8.08; N, 11.58.

4 - (1 -Methylpyrrol - 2 - yl) - 1 - propylpyridinium bromide
(41.Br). A mixture of the free base 38 (1 g, 6.3 mmol)
and propyl bromide (2.3 mL, 25 mmol) was stirred for
48 h under reflux. After cooling, the precipitate was
collected and recrystallized from EtOH to give pure
41.Br as light-yellow crystals (1.7 g, 96%): mp 222–
224 �C; UV (H2O) lmax 370 nm (e 25,352); 1H NMR
(CD3OD) d 1.02 (t, J=7.6 Hz, 3H), 2.03 (sext, J=7.6
Hz, 2H), 3.99 (s, 3H), 4.42 (t, J=7.6 Hz, 2H), 6.33 (m,
1H), 7.13 (m, 1H), 7.20 (m, 1H), 8.06 (m, 2H), 8.65 (m,
2H); 13C NMR (CD3OD) d 11.0, 25.7, 37.8, 62.7, 111.8,
119.8, 123.2, 129.7, 135.0, 144.8, 148.6. Anal. calcd for
C13H17BrN2 (281.18): C, 55.53; H, 6.09; N, 9.96. Found:
C, 55.44; H, 6.09; N, 9.96.

4-(1-Methylpyrrol-2-yl)-1-propyl-1,2,3,6-tetrahydropyridine
hydrochloride (28.HCl). The free base 28, prepared as
described for the propargyl analogue 25, was converted
to its HCl salt in methanol at 0 �C. Crystallization from
EtOH gave pure 28.HCl in 43% overall yield: mp 205–
208 �C (dec.); UV (H2O) lmax 267 nm (e 10,093); 1H
NMR (CD3OD) d 1.05 (t, J=7.2 Hz, 3H), 1.84 (m, 2H),
2.78 (m, 2H), 3.19 (m, 2H), 3.35–3.65 (m, 2H), 3.69 (s,
3H), 3.94 (m, 2H), 5.75 (m, 1H), 6.03 (m, 1H), 6.17 (m,
1H), 6.69 (m, 1H); 13C NMR (CD3OD) d 11.4, 18.9, 27.3,
36.3, 50.7, 51.7, 58.9, 108.4, 110.1, 115.2, 126.6, 129.7,
128.6. Anal. calcd for C13H21ClN2 (240.77): C, 64.85; H,
8.79; N, 11.93. Found: C, 64.70; H, 8.77; N, 11.44.

1-Isopropyl-4-(1-methylpyrrol-2-yl)pyridinium bromide
(43.Br). A mixture of the free base 38 (1 g, 6.3 mmol)
and isopropyl bromide (5 mL) was stirred for 24 h
under reflux. The resulting solid was collected and
washed with ether to give analytically pure 43.Br as
yellow crystals (0.63 g, 42%): mp 155–157 �C; UV
(H2O) lmax 368 nm (e 25,500); 1H NMR (CD3OD) d
1.66 (d, J=6.8 Hz, 6H), 3.99 (s, 3H), 4.86 (m, 1H), 6.33
(m, 1H), 7.10 (m, 1H), 7.20 (m, 1H), 8.06 (m, 2H), 8.72
(m, 2H); 13C NMR (CD3OD) d 23.4, 38.2, 64.5, 111.8,
119.7, 123.5, 129.6, 135.0, 143.1, 148.4. Anal. calcd for
C13H17BrN2 (281.18): C, 55.53; H, 6.09; N, 9.96. Found:
C, 55.72; H, 6.12; N, 9.91.

Oxalate salt of 1-isopropyl-4-(1-methylpyrrol-2-yl)-
1,2,3,6-tetrahydropyridine [29.(COOH)2]. An ether
solution of the free base 29, prepared as described above
for the propargyl analogue 25, was filtrated through
basic alumina. The filtrate was treated with an etheral
solution of oxalic acid (1.0 equiv) to yield the analy-
tically pure oxalate salt of 29 (43%) as a light yellow
solid: mp 138–140 �C; UV (H2O) lmax 266 nm (e
10,350); 1H NMR (CD3OD) d 1.41 (d, J=6.5 Hz, 6H),
1.80 (m, 2H), 3.49 (m, 2H), 3.63 (m, 1H), 3.69 (s, 3H),
3.91 (m, 2H), 5.77 (m, 1H), 6.03 (m, 1H), 6.15 (m, 1H),
6.68 (m, 1H); 13C NMR (CD3OD) d 17.2, 28.0, 36.2,
47.4, 47.8, 58.9, 108.4, 109.2, 116.0, 126.5, 129.9, 132.8,
166.8. Anal. calcd for C15H22N2O4 (294.35): C, 61.21;
H, 7.53; N, 9.52. Found: C, 60.88; H, 7.53; N, 9.35.

Enzymology

General methods. All collections of human placenta
were approved by the Internal Review Boards of Mon-
tgomery County Hospital and Virginia Tech, and the
collection of beef liver was approved by the Animal
Care Committee of Virginia Tech. Human placenta and
beef liver mitochondrial homogenates were prepared
using the methodology reported earlier by Salach with
minor modifications and were stored at�70 �C prior to
use.48 Phosphate buffer was prepared using Na2HPO4

and NaH2PO4. For determinations of the protein con-
centrations (triplicate samples) using the Bradford
assay, the mitochondrial preparations initially were
diluted approximately 1:2 with phosphate buffer con-
taining 50% (w/v) glycerol.49 A UV–vis background
subtraction was performed for each sample as follows:
Background samples were prepared following the same
procedures as those for the corresponding samples used
for the analysis of substrate and inhibitor properties of
the test compounds. At t=0 min 70% aq HClO4 was
added to each background sample and the resulting
mixture was centrifuged. The UV–vis signal from the
supernatant fraction was subtracted from each corres-
ponding sample signal.

Enzyme concentration determinations. Studies to esti-
mate enzyme concentrations (nmol enzyme/mg mito-
chondrial protein) were conducted as follows: The rate
of the MAO-A catalyzed oxidation of 1-methyl-4-phen-
oxy-1,2,3,6-tetrahydropyridine (35) was determined
using a 4 mM stock solution of the substrate in 0.1 M
phosphate buffer (pH 7.2–7.4, 475 mL) preincubated for
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10 min with gentle agitation in a water bath incubator
at 37 �C. To each sample was added 25 mL of a well
mixed suspension of human placental mitochondria (3.0
mg protein/mL in phosphate buffer containing 50% w/v
glycerol). The resulting mixtures were incubated for 0,
2, 4, 6, 8, 10 min at 37 �C with gentle agitation in a
water bath. The reactions were quenched with 70% aq
HClO4 (20 mL) and the resulting mixtures were cen-
trifuged at 16,000g for 5 min. The supernatants (470 mL)
in sample cuvettes were scanned from 250 to 600 nm
and the absorbances were measured at 314 nm, the lmax
for the dihydropyridinium metabolite of 35. An analo-
gous procedure for MAO-B was followed using 5 mM
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (7) as sub-
strate with beef liver mitochondrial homogenates (3.0
mg protein/mL in phosphate buffer containing 50% w/v
glycerol) at 30 �C with absorbance readings taken at 347
nm, the lmax for 8. In each case a plot of absorbance
versus time provided an estimate of the initial rate of the
enzyme catalyzed oxidation. The concentrations of the
enzymes then were calculated using published turnover
numbers for the human placental semipurified MAO-A
catalyzed oxidation of 35 (130 min�1)40 and the beef
liver purified MAO-B catalyzed oxidation of 7 (204
min�1).41

Substrate studies with MAO-A and MAO-B. Initial
studies were carried out with the test compounds (2
mM) and human placental mitochondrial MAO-A and
beef liver mitochondrial MAO-B. Stock solutions (4
mM) of the compounds were prepared in phosphate
buffer solution (0.1M, pH 7.2–7.4). Aliquots (250 mL)
of each compound diluted with additional phosphate
buffer (225 mL) were preincubated in Eppendorf tubes
for 10 min with gentle agitation in a water bath incu-
bator at 37 �C. Suspensions of the previously diluted
mitochondria (25 mL of 3.0 mg protein/mL in phos-
phate buffer containing 50% w/v glycerol) were added
to give a final enzyme concentration of 18 nM for
MAO-A and 7.5 nM for MAO-B. The mixtures were
allowed to incubate for 10, 20 and 30 min at which
times the reactions were quenched by the addition of
70% aq HClO4 (20 mL). The homogenates were cen-
trifuged at 16,000g for 5 min, the resulting supernatants
(470 mL) were added to sample cuvettes and the con-
centrations of the dihydropyridinium metabolites were
determined by measurements of the absorbance at the
lmax for each metabolite [15 (420 nm); 32 and 33 (424
nm); 31 (422 nm) and 30 (435 nm)] obtained from the
250–600 nm UV–vis scans. The results of these studies
provided initial estimates of the MAO-A and MAO-B
substrate properties of the test compounds and allowed
for evaluation of the linearity of metabolite production
versus time and the stability of the dihydropyridinium
metabolites.

Studies to determine the Km and Vmax values for each
substrate were performed in triplicate in an analogous
fashion. The preliminary studies gave a rough estimate
of Km from which four substrate concentrations were
selected to bracket Km (0.5, 1.0, 1.5 and 2.0 Km). The Km

and Vmax values were calculated from double reciprocal
plots (1/V vs 1/[S]). The absorbance measurements for

the MAO-B catalyzed oxidation of the allyl and propyl
analogues were quite low and could not be measured
accurately. Therefore, the final enzyme concentration in
these samples was increased to 75 nM MAO-B.

MAO-A and MAO-B inhibition studies. An aliquot (80
mL) of a 2 mM stock solution of the test compound in
0.1M phosphate buffer was diluted with 0.1 M phos-
phate buffer (120 mL) and the resulting mixture was
preincubated for 15 min with gentle agitation in a water
bath incubator at 37 �C. The MAO-A or MAO-B con-
taining mitochondrial preparation (a 200 mL aliquot
containing 3.0 mg protein/mL in 0.1 M phosphate buf-
fer) was added. The final enzyme concentration was 180
nM (MAO-A) or 75 nM (MAO-B) and final inhibitor
concentration was 400 mM. This mixture was incubated
at 37 �C and aliquots (25 mL), taken at 0, 5, 10, 15 and 20
min, were added to a solution of 225 mL 0.1 M phosphate
buffer and 250 mL of 4 mM 14 (in phosphate buffer) as
substrate. This sample was incubated for an additional
15 min at 37 �C at which time 70% aqueous HClO4 (20
mL) was added. The homogenate was centrifuged at
16,000g for 5 min. The supernatant (470 mL) was added
to a sample cuvette and the concentration of the dihydro-
pyridinium metabolite 15 was determined from the
absorbance at 420 nm.
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