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1. Introduction

Monoamine oxidases, prevalent in mammals, plants, and both
prokaryotic and eukaryotic microorganisms, catalyze the oxida-
tion of amines to aldehydes. They have been classified into
two groups, copper- (EC 1.4.3.6) and flavin-containing amine
oxidases (EC 1.4.3.4).[1]

Flavin-linked mitochondrial monoamine oxidases (MAO) are
subdivided further into two catalytically distinguishable sub-
types with different substrate selectivities : MAO A and MAO B.
They are crucial for the regulation of physiological amine levels
throughout the organism.[2]

Copper-containing amine oxidases (CAO) also have impor-
tant and diverse functions in prokaryotes, including roles in nu-
trient metabolism. More recently, the importance of CAO in eu-
karyotes for different physiological processes, such as wound
healing, detoxification of amines, cell growth, signaling, apop-
tosis,[3] and glucose uptake,[4] was demonstrated. They consti-
tute a wide family of enzymes covering bovine and sheep
plasma amine oxidase, lysil oxidase, diamine oxidase, and a
tissue-bound oxidase.
Monoamine oxidases are important pharmacological and

medicinal targets because of their diverse physiological roles.
Selective inhibitors for different enzyme subtypes have been
intensively studied. A commercially important example is tra-
nylcypromine (1a) (trans-2-phenylcyclopropylamine, TCP, Par-
nate, Jatrosom N), which is an irreversible inhibitor of both
MAO A and B. Additionally, 1a is a potent reversible inhibitor
of copper-containing amine oxidases.[5]

Tranylcypromine has an important clinical use as a treatment
for certain depressive illnesses. Recent studies also discussed
MAO inhibitors as useful agents against neurodegenerative dis-
orders such as Parkinson's or Alzheimer's diseases.[6] Despite
impressive clinical successes, clinical use of tranylcypromine
(1a) and other MAO inhibitors is limited by various problems.
For example, patients treated with nonselective MAO inhibitors
can suffer a severe hypertensive crisis after the ingestion of tyr-
amine-containing foods, such as cheese and red wine. This so-
called ™cheese effect∫ is caused by the increase of tyramine
concentration associated with the inhibition of MAO A.[7]

There has been extensive research directed toward the de-
velopment of more potent and selective MAO inhibitors. In the
work reviewed here, the pharmacological activity of 1a in
combination with its undesired side effects prompted us to
regard this molecule as the starting point for a lead-optimiza-
tion process. The modifications incorporated our current inter-
ests in the chemistry and pharmacology of fluorinated com-
pounds, interests that had recently focused on cyclopropyl-

amines and amino acids. The goals of this optimization includ-
ed increased inhibitory activity and an improved pharmacoki-
netic profile and selectivity. The fundamental strategy consist-
ed of incorporation of a fluorine substituent onto the cyclo-
propyl moiety.
The incorporation of fluorine into bioactive compounds is

known to be a very effective method for the enhancement of
the physiological properties of such molecules.[8] The modifica-
tions are caused by the unique properties of fluorine. As the
most electronegative element, this substituent influences the
acidity/basicity of neighboring groups such as NH2.

[9] Also, the
lipophilicity of molecules is influenced.[8d] A fluorine substituent
can mimic some properties of a hydroxy group because of its
isoelectronic properties. In fact, we recently found indications
both from X-ray studies of crystalline derivatives[10] and from
high-level quantum chemical calculations[11] that a fluorine
atom attached to a cyclopropyl group can act as a hydrogen-
bond acceptor.[12] Another important factor comes from the
observation that fluorinated cyclopropanes possess an in-
creased ring-strain energy.[13] Since ring-opening reactions are
important for the inhibition mechanism of certain aminocyclo-
propanes,[14] fluorine substitution could be expected to en-
hance the inhibitory activity of these substances.
For the optimization of the pharmacological profile we se-

lectively modified the structure of tranylcypromine (1a) by
substitution on the cyclopropyl ring with a single fluorine
atom. A series of tranylcypromine analogues with different
substituent patterns and stereochemistry, such as 11a±d or 38
and its fluorinated analogue 30, were synthesized and their ac-
tivities as inhibitors of monoamine oxidases were investigated
and compared to other inhibitors.[15±17]

We herein summarize our recent results concerning the in-
hibitory activity of these fluorinated arylcyclopropylamines.
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These results demonstrate that certain analogues possess very
high activity as inhibitors of MAO A and B as well as of tyra-
mine oxidase, a copper-dependent amine oxidase. Data for the
pharmacokinetic profiles of the analogues as well as mechanis-
tic reasons for the strong influence of the fluorine substituent
on the activity are discussed.

2. Synthesis of Fluorinated Arylcyclopropyl-
amines and (Arylcyclopropyl)alkylamines

Regioisomeric fluorinated phenylcyclopropylamines were ob-
tained by using two different methods of cyclopropanation of
the corresponding fluorinated alkenes.[18,19a]

2-Aryl-2-fluorocyclopropylamines and (2-fluoro-2-phenyl-
cyclopropyl)alkylamines

2-Aryl-2-fluorocyclopropylamines 11a±d and 12a±d were syn-
thesized[15] according to the sequence shown in Scheme 1 by
using transition-metal-catalyzed cyclopropanation of 1-fluoro-
styrenes 4a±d as the key-step.[18]

Enantiopure trans-2-fluoro-2-phenylcyclopropylamines[16a]

(1S,2S)-11a and (1R,2R)-11a were synthesized via (1S,2S)-(�)-2-
fluoro-2-phenylcyclopropanecarboxylic acid ((1S,2S)-7a) and its
enantiomer (1R,2R)-7a (Scheme 2).[16b] These acids were ob-
tained by separation of the corresponding diasteromeric (S)-1-
phenylethylamides followed by hydrolysis of N-nitrosamides

prepared according to a method invented by White[20a] and fur-
ther developed by others.[20b]

The diastereopure racemic carboxylic acids 7a and 8a also
served as starting materials for the preparation of homologous
fluorinated alkylamines[15] as shown in Scheme 3.
Applying classical homologation techniques, the diastereo-

pure ethylamines 23a and 24a were prepared (Scheme 4).[15]

2-Fluoro-1-phenylcyclopropylamine and (2-fluoro-1-phenyl-
cyclopropyl)methylamines

2-Fluoro-1-phenylcyclopropylamine and -methylamines, the re-
gioisomeric series, were synthesized by using cyclopropanation
of ethyl 3-fluoro-2-phenylacrylates 25 and 26 with diazometh-
ane as the key step (Scheme 5).[15,19]

3. Physicochemical Data for 2-Aryl-2-fluoro-
cyclopropylamines

Different qualitative models have been developed for the iden-
tification of potential drug molecules, for example, Lipinski and
co-workers' rule-of-five included four criteria : molecular mass
<500 Daltons, octanol/water partition coefficient <5, number
of hydrogen-bond donors <5, and number of hydrogen-bond
acceptors <10.[21] Muegge described how specific combina-
tions of side chains would allow identification of pharmaco-
phores.[22] In addition to intrinsic inhibitory activity, pharmaco-
kinetic properties are among the most important aspects of a
lead-optimization process.[23] Pharmacokinetic factors such as
adsorption, distribution, metabolism, and excretion (ADME) are
strongly related to oral bioavailability and metabolic half-life.[24]

An analysis of the main reasons for attrition in drug develop-
ment revealed that 39% of all failures are attributed to poor
pharmacokinetics.[25] Different models have been developed
for the prediction of these important properties. Besides Lipin-
ski and co-workers' rule-of-five, Veber et al. defined a sum of
hydrogen-bond donors and acceptors �12 and rotatable
bonds �10 as qualitative criteria for good oral bioavailabili-

Scheme 1. Synthesis of diastereopure 2-aryl-2-fluoro-cyclopropylamine hydrochlorides. acac=acetylacetone, Boc= tert-butoxycarbonyl, DiBoc=di-tert-butyl car-
bonate, DPPA=diphenylphosphoryl azide, NBS=N-bromosuccinimide.

1034 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 1033 ± 1043

G. Haufe et al.

www.chembiochem.org


ty.[26] Clearly, the synthesized 2-aryl-2-fluorocyclopropylamines
11a±d and 12a±d as well as the homologous alkylamines met
all these criteria. For a more precise quantification of the phar-
macokinetic properties, physicochemical values such as pKa

value, lipophilicity, permeation,
and solubility are very useful.
Since fluorine substitution is
known to influence these prop-
erties,[8d,27] examination of the
physicochemical properties of
the fluorinated cyclopropyl-
amines became important[28] for
further optimization of the phar-
macological behavior of com-
pounds derived from the lead
compound tranylcypromine (1a ;
Table 1).
First, pKa values were meas-

ured, since the ionization state
at physiological pH values will
affect solubility, adsorption, and
reactivity. Fuller and Molloy re-
ported that, for aliphatic amines
such as amphetamine, b,b-di-
fluorination leads to a significant
decrease in the basicity of the

amino group, as would be expected.[29] The influence
of fluorine on the acidity of neighboring groups was
also described for other substrates.[9]

Similarly, for tranylcypromine the introduction of a
fluorine substituent in the trans-2 position caused a
decreased basicity of the amino group by more than
one order of magnitude: pKa=8.47 for tranylcypro-
mine (1a) relative to pKa=7.35 for trans-2-fluoro-2-
phenylcylopropylamine (11a). Also, a direct influence
of the substituent in the para position was observed:
Whereas an electron-donating methyl group slightly

increased the basicity (pKa=7.41 for 11d), lower pKa values
were found for compounds bearing the electron-withdrawing
para-fluoro (11b, pKa=7.31) and para-chloro (11c, pKa=7.19)
substituents.
Remarkably, the configuration of the substituents attached

to the three-membered ring had a strong influence on the pKa
value of the fluorinated tranylcypromine derivatives. Since
trans- and cis-2-phenylcyclopropylamine had nearly identical
pKa values of 8.47 (1a) and 8.50 (1b), the lower basicity (by
about 0.4 orders of magnitude) of the fluorinated cis-config-
ured amines 12a±d relative to the corresponding trans deriva-
tives 11a±d (Table 1) must be due to the relative stereochemis-
try of the amino group and the fluorine substituent. The
nature of this effect is still under investigation. As expected,
the alkylamines 15a and 23a had higher pKa values than tra-
nylcypromine (1a).
Additionally, permeability resulting from passive diffusion

was recorded by using a parallel artificial-membrane perme-
ation assay (PAMPA).[30] The permeation rate determined by this
method corresponds to the transcellular permeation potential,
which is important for the absorption of drugs.[30] Tranylcypro-
mine (1a) itself, as well as the fluorinated derivatives 11a±d
and 12a±d, is characterized by high permeability. Introduction
of a fluorine substituent in position 2 increased permeability,

Scheme 2. Synthesis of enantiopure trans-2-fluoro-2-phenylcyclopropylamines (1S,2S)-11a and (1R,2R)-11a. i) (S)-
PhCH(NH2)CH3, N,N’-dicyclohexylcarbodiimide, cat. 4-dimethylaminopyridine, CH2Cl2, RT, 20 h; ii) Chromatography;
iii) NaNO2, HOAc, Ac2O, 4 8C, 18 h; iv) Dioxane, D, 20 h; v) KOH/MeOH, RT.

Scheme 3. Synthesis of diastereopure 2-fluoro-2-phenylcyclopropylmethylamine hydrochlor-
ides. i) SOCl2 ; ii) NH4OH; iii) BH3¥THF; iv) H3O

+ ; v) HCl(g)

Scheme 4. Synthesis of diastereopure 2-fluoro-2-phenylcylcopropylethylamine
hydrochlorides. i) LiAlH4, Et2O; ii) NaCN, N,N-dimethylformamide; iii) TsCl, NEt3,
CH2Cl2 ; iv) BH3¥THF, Et2O; v) H3O

+ ; vi) HCl(g). Ts= tosyl= toluene-4-sulfonyl.
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as can be seen by comparison of the values for trans-config-
ured compounds 11a±d with that for 1a. Interestingly, for
derivatives bearing electron-withdrawing para substituents,
higher permeation rates were found for the trans-configured
amines 11b and 11c than for 12b and 12c, whereas the high-
est value was recorded for unsubstituted 12a in the cis config-
uration. In general, the type of substituent in the para position
had a significant influence on permeability. In particular, intro-
duction of an additional fluorine atom in this position in-
creased permeability values, as observed for 11b and 12b. Sig-
nificantly lower rates were found for alkylamines 15a and 23a.
The lipophilicity of compounds, which is important for phar-

macokinetics in cell systems, can be expressed as the partition
coefficient (logP) in an octanol/water system. Since lipophilic
substances preferentially permeate membranes, this value is
an important indicator for oral absorption as well.[24] From the
literature it is known that the introduction of fluorine has an

important influence on the lipo-
philicity of substrates.[8d] Analysis
of distribution coefficients (logD)
revealed that all the investigated
phenylcyclopropylamines belong
to a class of compounds with
medium lipophilicity.[31] Introduc-
tion of a fluorine substituent in
position 2 of the cyclopropane
ring led to increased lipophilicity,
as observed for 12a relative to
1b. The para substituent also in-
fluenced this value. Higher lipo-
philicities were observed for all
para-substituted derivatives than
for 2-fluorotranylcypromines 11a
or 12a. Compounds 11c and
12c, with a para-chloro substitu-
ent, were the most lipophilic de-
rivatives in this group.

4. Inhibition of a Copper-Containing Amine
Oxidase by Fluorinated Arylcyclopropylamines

As already described, copper-containing amine oxidases (CAO)
form a diverse group of enzymes. Different studies have
shown that CAO contain covalently bound quinones as organic
cofactors.[32] An important example of this class of cofactors is
2,4,5-trihydroxyphenylalanine quinone (TPQ).[33] Recently, the
crystal structures of CAO from different species have been re-
ported and the mechanism for the oxidation of amines by
these enzymes has been discussed in detail.[32] This process is
important for different biological processes in prokaryotes and
eukaryotes.[34,35] Stimulation of CAO correlates with an in-
creased glucose uptake.[36] CAO is reported to be important in
relation to several diseases, such as Alzheimer's disease, cere-
bral autosomal dominant arteriopathy with subcortical infarcts,

Scheme 5. Synthesis of diastereopure 2-fluoro-1-phenyl-cyclopropylamine and -methylamine hydrochlorides. i) CH2N2; ii) hn, Et2O; iii) NH2NH2, EtOH; iv) HCl, NaNO2,
Et2O; v) tBuOH; vi) 3n HCl, EtOAc; vii) DIBAL, toluene; viii) NH3, THF; ix) MsCl, NEt3, CH2Cl2. DIBAL=diisobutylaluminum hydride, Ms=mesyl=methane sulfonyl.

Table 1. Physicochemical data for 2-aryl-2-fluorocyclopropylamines and -alkylamines.

Compound Isomer type NH2/F relation R MW pKa
[a] P[b] [10�6 cms�1] logD[c]

1a trans ± H 169.7 8.47 1.30�0.02 n.d.[d]

1b cis ± H 169.7 8.50 2.27�0.23 1.41
11a trans cis H 187.7 7.35 3.48�0.01 1.53
12a cis trans H 187.7 6.98 7.83�0.69 1.78
11b trans cis F 205.6 7.31 5.12�0.28 1.60
12b cis trans F 205.6 6.88 4.00�0.53 2.14
11c trans cis Cl 222.1 7.19 2.90�0.00 2.23
12c cis trans Cl 222.1 6.81 1.28�0.01 2.66
11d trans cis Me 201.7 7.41 2.58�0.04 1.83
12d cis trans Me 201.7 7.04 n.d.[d] n.d.[d]

15a trans cis H 201.7 9.76 0.00 ±
23a trans cis H 215.7 9.95 0.83�0.17 precipitated

[a] Ionization constants (pKa) were determined pH-metrically in 0.1m KNO3 at 21 8C. [b] Permeability was deter-
mined at pH 6.5 by using the PAMPA PSR4p method.[30] [c] LogD values were measured from the partition co-
efficients for 1-octanol/0.05n NaOH + 5%/vol dimethylsulfoxide at pH 7.4. [d] n.d.=not determined.
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and leukoencephalopathy, vascular plaques linked to conges-
tive heart failure.[37,38] In addition, toxic metabolites of CAO-
catalyzed deamination have been described.[35]

These diverse physiological functions demonstrate the po-
tential therapeutic use of selective inhibitors of this class of en-
zymes. In general, copper-containing amine oxidases are
strongly inhibited by compounds such as semicarbazide.[39] Ad-
ditionally, 3-haloallylamines, such as 2-(3,4-dimethoxyphenyl)-
3-fluoroallylamine (37), are also effective irreversible inhibitors.
Recently, Saysell et al. described (1S,2R)-(+)-tranylcypromine
((1S,2R)-1a) as a reversible inhibitor of Escherichia coli CAO.[5a]

Crystallographic studies revealed the formation of a Schiff's
base adduct of this inhibitor with the O5 position of the organ-
ic cofactor 2,4,5-trihydroxyphenylalanine quinone as the site of
substrate binding.
With these results in mind, the influence of monofluorina-

tion of the cyclopropyl moiety on the inhibitory activity of tra-
nylcypromines was investigated. For these studies commercial-
ly available tyramine oxidase from Arthrobacter sp. (EC 1.4.3.4)
was used; this enzyme is sold by Sigma as a flavin-containing
amine oxidase. However, Wouters et al. characterized this
enzyme as a copper-containing amine oxidase on the basis of
spectral characteristics, molecular weight, and inhibition pro-
file.[40] We independently confirmed that the tyramine oxidase
from Arthrobacter sp. was a copper/TPQ-type amine ox-
idase.[15,41]

IC50 values (inhibitor concentration at 50% remaining activi-
ty) were determined for regio- and stereoisomeric fluorinated
arylcyclopropylamines and phenylalkylamines (Table 2). Tranyl-
cypromine (1a) itself was confirmed to be a competitive inhibi-
tor. Introduction of a fluorine substituent in position 2 caused
a dramatic change in the inhibition: Compound 11a with cis
arrangement of the fluorine substituent and the amino group
has an IC50 value ten times lower than that of tranylcypromine
(1a). In contrast, the corresponding diastereomer 12a with a
trans arrangement of the two substituents was five times less
active than 1a.[15] Moreover, a strong influence of the absolute

configuration on the activity of trans-2-fluoro-2-phenylcyclo-
propylamine was observed. Whereas (1S,2S)-11a strongly in-
hibited the tyramine oxidase (IC50=2.3 mm), the opposite enan-
tiomer (1R,2R)-11a did not show any activity at millimolar con-
centrations.[16]

Substituents in the para position of the aromatic ring also
had a significant effect on the IC50 values. In the trans series,
electron-withdrawing substituents decreased inhibitory activity,
while the electron-donating methyl group led to a sevenfold
higher inhibitory activity than that of 11a. As described before,
the cis isomers 12a±d were one to two orders of magnitude
less active than the trans compounds 11a±d. Kinetic analysis
demonstrated clearly that the inhibition of tyramine oxidase
by 11a±d was competitive. For the cis series, compound 1b
showed time- and concentration-dependent inhibition against
tyramine oxidase. Irreversibility was also observed for com-
pounds 12a±d ; however, the inhibitory activity was lowered
by the introduction of a fluorine substituent.
Looking at the homologues of 11a, the trans-methylamine

15a is about three orders of magnitude less active than 11a
and the trans-ethylamine 23a is about two orders of magni-
tude less active than 11a. The corresponding cis isomers 16a
and 24a did not show any inhibition at the millimolar scale
(Table 2).[16]

In addition, the inhibitory activities of regioisomeric 2-fluoro-
1-phenylcyclopropylamines and -methylamine were studied to
examine the importance of the position of the fluorine sub-
stituent (Table 3). In contrast to 11a the regioisomeric 2-fluoro-
1-phenylcyclopropylamine (30) is not an inhibitor for tyramine

oxidase from Arthrobacter sp. at the millimolar scale. However,
the cyclopropylmethylamine 35 shows high activity. Since the
electronic properties of a double bond and a cyclopropane
ring are considered similar,[42] 35 can be regarded as a cyclo-
propyl analogue of 2-(3,4-dimethoxyphenyl)-3-fluoroallyl amine
(37). Nonetheless, 37 was described as an irreversible inhibitor
of CAO,[43] whereas 35 proved to be a reversible and noncom-
petitive inhibitor. Again, inhibition by compound 36, the cis
isomer of 35, was very low. Further kinetic studies character-
ized 35 as a noncompetitive inhibitor, thereby suggesting the
existence of a separate binding site. Finally, hydrazide 29 was
found to be an irreversible inhibitor of the enzyme, with three-
fold lower activity than semicarbazide, the classic inhibitor of
CAO. Similar to semicarbazide, hydrazide 29 may also react
with the quinone moiety.

Table 2. IC50 values and inhibition type for 2-fluoro-2-phenylcyclopropyl-
amines and -methylamines.

Compound Isomer
type

NH2/F
relation

R IC50 [mm] Inhibition type

1a trans ± H 35�6 competitive
1b cis ± H 33�1 irreversible
11a trans cis H 3.6�1.5 competitive

(1R,2R)-11a trans cis H n.i.[a] competitive
(1S,2S)-11a trans cis H 2.3�0.1 competitive

12a cis trans H 190�90 partially irrever-
sible[b]

11b trans cis F 8.1�1.6 competitive
11c trans cis Cl 3.7�0.3 competitive
11d trans cis Me 0.39�0.17 competitive
15a trans cis H 1240�60 noncompetitive
23a trans cis H 490�90 competitive

[a] n.i.=no inhibition detected at mm concentrations. [b] The term ™par-
tially irreversible∫ is used when time-dependent inhibition but no clear
concentration-dependent inhibition was observed.

Table 3. IC50 values and inhibition type for 2-fluoro-1-phenylcyclopropyl-
amines and -methylamines.

Compound NH2/F relation IC50 [mm] Inhibition type

29 trans 20�6 irreversible
30 trans n.i.[a] n.d.
35 trans 12�1 noncompetitive
36 cis 660�210 n.d.
semicarbazide ± 6.7�0.2 n.d.

[a] n.i.=no inhibition detected at 0.1 mm concentrations.
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From these results, structure±activity relationships for fluori-
nated arylcyclopropylamines and (phenylcyclopropyl)alkyl-
amines could be deduced: 1) A fluorine substituent in posi-
tion 2 of the cyclopropyl group increases inhibitory activity ;
2) for potent inhibition the fluorine substituent and the amino
group must be in a cis configuration; 3) only the (1S,2S) enan-
tiomer shows activity as an inhibitor ; 4) the amino group must
be directly linked to the cyclopropyl group; 5) electron-donat-
ing substituents in para position increase inhibition, while elec-
tron-withdrawing groups lower the activity.
For the explanation of these results, we considered the

mechanism for the oxidation of amines by copper/TPQ amine
oxidase from A. globiformis.[44] It was demonstrated that the or-
ganic cofactor TPQ forms a covalent zwitterionic adduct (I)
with the amine substrate as a Schiff's base in an initial oxida-
tive deamination step (Scheme 6).[32e] For tranylcypromine (1a)
the formation of an analogous adduct for E. coli amine oxidase
was described.[5a]

The first step in the formation of Schiff's base I is a nucleo-
philic attack of the amino group of the substrate on the car-
bonyl group of TPQ. Since 2-fluoro-2-arylcyclopropylamines in
general are characterized by a lower basicity than the non-
fluorinated tranylcypromine (1a ; Table 1), this initial step
should be disfavored for the fluorinated derivatives. However,
at the pH value of 7.2 used for these inhibition studies, the
amount of free amine was increased by this effect. Since a
higher concentration of free amine should accelerate the rate
of formation of I, this factor might explain the increased activi-
ty. Analogously, the electronic effects of the para substituent
on the amino group can be related to the effects on inhibitory
activity. Thus, a significant correlation of the pKa values and the
inhibitory activity was found for these fluorinated arylcyclopro-
pylamines (Figure 1). In particular, for the methyl-substituted
compound 11d increased basicity of the amino group is ac-
companied by very high activity. In contrast, decreased inhibi-
tion and basicity compared to 11a (unsubstituted) were ob-
served for 11b (para-fluoro) and 11c (para-chloro) because of
electron withdrawing substitu-
ents. Thus, two effects seem to
be operating: the intrinsic effect
of the fluorine atom attached at
the cyclopropane ring and its in-
fluence on the pKa value of the
amino group and on the lipophi-
licity of the compound.
Whereas the electronic influ-

ence of the para substituents is
consistent with effects on the
pKa values and correlates well
with the inhibitory activities, the
strong dependence of activity
on the stereochemistry of fluo-
rine substitution remains to be
explained. Moreover, an addi-
tional inhibition mechanism for
the fluorinated derivatives in
contrast to tranylcypromine (1a)

has to be considered. As already mentioned, CAO enzymes are
efficiently inhibited by chelating compounds such as triethyl-
enetetramine.[45] There are reports in the literature that C�F
bonds can also coordinate metal ions.[46] Based on these obser-
vations, we believe that chelation of the copper ion of CAO by
the fluorinated arylcyclopropylamines might be involved in the
inhibition. The formation of such a five-membered chelate in-
corporating the fluorine and amine moieties would only be
possible for the trans-configured isomers bearing the fluorine
substituent and the amino group in a cis configuration. The
lower activity found for the diastereomers with a trans arrange-
ment of these substituents further supports this assumption
(Scheme 7). Also, such chelation is absent in both of the non-
fluorinated tranylcypromines 1a and 1b, a fact that could ex-
plain the almost equal inhibitory activities of these isomers. No
activity on a millimolar scale was observed for compound 30,
which has a trans configuration of the two substituents.
Again, the electronic influence of the para substituents on

the basicity of the amino group correlates very well with this
model of chelation. The amino group of the trans-configured,
methyl-substituted derivative 11d should have the strongest
donor ability towards the copper center, characterized by the

Figure 1. Correlation of pKa values of 2-aryl-2-fluorocyclopropylamines with IC50

values.

Scheme 7. Activity of different phenylcyclopropylamines.

Scheme 6. Mechanism of the oxidation of amines by CAO, adapted from the literature.[32d] E=CH(NH2)(CO2H).
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highest pKa value in this series. In contrast, higher basicity but
decreased inhibition was found for the homologous trans-2-
fluoro-2-phenylcyclopropylalkylamines 15a and 23a. In these
cases the formation of a chelate might also be disfavored, but
more importantly, these compounds do not belong to the cy-
clopropylamines and different properties could be expected.
Since the copper center of the enzyme is involved in the

activation of a water molecule responsible for the protonation
of the C2 oxygen atom of I[32] as well as in the activation of
molecular oxygen for the regeneration of TPQ[47] chelation
could prevent both mechanisms. As a result, compound II
(Scheme 6) would not be formed; this would explain reversible
inhibition. However, inhibition of other CAO enzymes with
other types of copper chelators, such as triethylenetetramine
or o-phenanthroline, has been shown to be noncompetitive in
nature. This would be expected if the inhibition is occurring at
a site separate from the binding site.[45]

Alternatively, the interaction of fluorine with an aspartate
residue of the enzyme could be responsible for the increased
activity found for the fluorinated amines. It has been postulat-
ed that, during the catalytic cycle, this aspartate residue in the
active site of CAO, accepts a proton from the amine substrate
during oxidation.[5a,32c,32e] The formation of a hydrogen bond
between the fluorine atom and the amino group would influ-
ence this proton transfer. Recently, we demonstrated that fluo-
rine substituents in several monofluorinated cyclopropanes
can act as acceptors for intra- and intermolecular hydrogen
bonds to H�X bonds (X=C,N) in the crystalline state.[10,12]
Moreover, quantum chemical calculations on the interaction
energies of fluorocyclopropane dimers in the gas phase reveal
weak hydrogen bridges of C�F moieties to acidic hydrogen
atoms in H�C bonds.[11]
Shepard and co-workers have previously reported that, with

a series of inhibitors linked to the TPQ cofactor, one enantio-
mer was preferentially processed.[5b,48] Analogous results were
found for enantiopure amines (1R,2R)- and (1S,2S)-11a. Saysell
et al. reported that only the (1S,2R)-(+ )-enantiomer of tranylcy-
promine inhibits E. coli CAO.[5a] Enantioselectivity of tranylcy-
promine (1a) was discussed in the inhibition of A. globifor-
mis.[5b] These authors suggested steric exclusion of (1R,2S)-(�)-
tranylcypromine from the active site of CAO as an important
factor. The results of our studies with tyramine oxidase from
Arthrobacter sp. are consistent with the enantioselectivity of in-
hibition observed in earlier studies.
A more precise understanding of the molecular mechanism

of the potent inhibitory activity of 2-aryl-2-fluorocyclopropyl-
amines will clearly require more detailed studies. In particular,
the coordination ability of these derivatives to copper ions in
combination with molecular modeling studies should give
useful information.

5. Inhibition of Flavin-Dependent Amine
Oxidases MAO A and B by Fluorinated
Arylcyclopropylamines

As mentioned above, flavin-containing amine oxidases exist in
two isoforms: MAO A and MAO B. In vivo, these enzymes cata-

lyze the oxidative deamination of specific biogenic amines.
MAO A has a high affinity for serotonin (5-hydroxytryptamine)
and norepinephrine, whereas MAO B preferentially deaminates
phenylethylamine and benzylamine.[49] Dopamine, tyramine,
and tryptamine are common substrates for both types of
MAO. Structurally, both enzymes are closely related, with a
70% amino acid identity.[50] Each isoenzyme has a flavin co-
factor covalently linked to a cysteine residue in the active
center.[51±53] The crystal structure of human MAO B was recently
reported by Binda et al.[54] For the MAO catalysis, two models,
involving an iminium cation radical mechanism or a polar nu-
cleophilic mechanism, have been proposed on the basis of
work with purified enzymes and chemical model systems.[55]

Due to their role in the metabolism of monoamine neuro-
transmitters, hundreds of inhibitors of MAO have been devel-
oped and used clinically in the treatment of neurological disor-
ders. Selective inhibitors have also been described. Whereas
MAO A is more sensitive to inhibition by clorgyline, MAO B is
sensitive to low concentrations of deprenyl (Scheme 8).[49] l-

Deprenyl is clinically administrated to potentiate l-DOPA thera-
py in the treatment of Parkinson's disease patients, as well as
to provide neuroprotective effects in patients exhibiting pre-
Parkinson's syndrome.[56] MAO B inhibitors are also currently in
clinical trials for the treatment of Alzheimer's disease, because
increased levels of MAO B have been demonstrated in plaque-
associated astrocytes of brains from Alzheimer's disease pa-
tients.[57] Moclobemide, the first reversible inhibitor of MAO A,
has also been used as an antidepressant.[58] A search for
MAO B selective inhibitors that would be free of the well-docu-
mented ™cheese effect∫ described above produced a series of
potent 3-haloallylamines.[59] For example, 2-(3,4-dimethoxy-
phenyl)-3-fluoroallylamine (37), showed an MAO B/A selectivity
of about 100.
Cyclopropylamines are also frequently used as MAO inhibi-

tors. Tranylcypromine (1a) is known as an irreversible inhibitor
of MAO without selectivity for MAO A or B. The inhibitory po-
tency of tranylcypromine and its para-fluoro or para-methoxy
derivatives on MAO A and MAO B in rat brains was investigat-
ed, with the results showing that the substituted compounds
are slightly stronger inhibitors for both isoforms of the
enzyme.[60]

Scheme 8. Known selective MAO inhibitors.
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The regioisomer of tranylcypromine (1a), 1-phenylcyclopro-
pylamine (38), is also a MAO inhibitor. Silverman and Zieske
proposed a mechanism for the inhibition of MAO by 1a that
involves initial single-electron transfer from the amine nitrogen
atom to the oxidized flavin cofactor to form radical cation IV
(Scheme 9). A similar mechanism was proposed for the inacti-
vation of monoamine oxidase by 1-phenylcyclopropylamine.[61]

After ring opening of IV to V
followed by covalent attachment
of this radical to a flavin cofactor
or a cysteine residue in the
active site, VI is formed. Hydro-
lysis and elimination of the
enzyme from VI liberates cinna-
mylaldehyde.[62] This mechanism
was also studied by Binda et al.
who identified a tranylcypro-
mine±MAO B covalent adduct
formed between the ring-
opened cyclopropyl moiety and
the C4a position of the flavin in
the X-ray crystal structure of
MAO B.[54] The tranylcypromine±
MAO B adduct formation is also
consistent with the mechanism
of inhibition for the quinone-
mediated oxidative cleavage of
cyclopropylamines.[63]

A facile strategy to increase the activity of analogues of tra-
nylcypromine (1a) would be to enhance this ring-opening ten-
dency. In the literature it is well documented that fluorine sub-
stituents increase the ring strain of cyclopropanes.[13] Therefore,
we expected fluorination of the cyclopropyl ring of 1a would
be an interesting strategy to increase the activity of this class
of inhibitors. In fact, analysis of the inhibition of human liver
mitochondrial-outer-membrane monoamine oxidases MAO A
and B by regiosomeric fluorinated arylcyclopropylamines and
alkylamines revealed a significant influence of the halogen
substituent on the IC50 values (Table 4).

Introduction of fluorine at position 2 of tranylcypromine (1a)
to give 11a slightly increased the inhibitory activity for both
MAO A and B. Fluorination of the cis isomer 1b to give 12a re-
sulted in no change in the inhibition of MAO B and resulted in
5.9-times lower activity against MAO A relative to 1b.
As with tyramine oxidase, the type of para substituent at-

tached to the aromatic ring influenced the IC50 values. Howev-
er, in marked contrast to the results obtained for tyramine ox-
idase, the presence of an electron-withdrawing substituent in
the trans series increased the inhibitory activity for MAO A,
while the methyl group did not change the inhibitory potency
relative to unsubstituted 11a (Table 4). With MAO B the intro-
duction of electron-withdrawing para substituents caused an
even greater increase in inhibition. The para-chloro derivative
11c was the most active compound and was a compound
selective for MAO A (2.3:1) in this series.
In contrast to the results with MAO A (and CAO), the cis

series of para-substituted 2-fluorinated analogues of tranylcy-
promine showed strong inhibition of MAO B. This results in a
selectivity for MAO B versus MAO A of 27:1 for 12b, 19:1 for
12c, and 8:1 for 12d.
In literature reports, the increase of inhibitory ability of para-

substituted tranylcypromine analogues was explained by

higher levels in the brain than the parent compound due to
blocking of this position for metabolic para-hydroxylation in
vivo.[60e] The results of our experiments, particularly the oppo-
site action of either para-fluorine and -chlorine or para-methyl
substituents, respectively, show that there is a strong electron-
ic influence of the different para substituents on the intrinsic
activity as well. We are currently extending our investigations
to explore this issue further.
The strong effect of stereochemistry on the inhibition of

MAO A and B was also demonstrated for enantiopure 2-fluoro-
2-phenylcyclopropylamines (1R,2R)-11a and (1S,2S)-11a. Analo-

Scheme 9. Possible mechanism for the inhibition of MAO by tranylcypromine
(1a), adapted from the literature.[59]

Table 4. IC50 values and inhibition type for 2-fluoro-2-arylcyclopropylamines and -alkylamines.

Compound Isomer type[a] R MAO A MAO B
IC50 [mm] inhibition type IC50 [mm] inhibition type

1a trans H 20�0 irreversible 19�0 irreversible
1b cis H 11�1 irreversible 19�1 irreversible
11a trans H 12�1 irreversible 6.4�0.1 irreversible
12a cis H 65�42 irreversible 19�1 irreversible
11b trans F 3.6�0.2 irreversible 4.9�0.1 irreversible
12b cis F 270�70 irreversible 10�0 irreversible
11c trans Cl 1.6�0 irreversible 3.7�0.1 irreversible
12c cis Cl 89�9 irreversible 4.8�0.1 irreversible
11d trans Me 13�0 irreversible 13�0 irreversible
12d cis Me 230�120 irreversible 30�1 irreversible
15a trans H n.i.[b] n.d. n.i.[b] n.d.
23a trans H 41�2 competitive 190�10 n.d.

deprenyl[c] ± ± n.i.[b] n.d. 0.6�0.1 n.d.
clorgyline ± ± 0.13�0.01 n.d. 25�1.2 n.d.

[a] Relative configuration of aromatic ring and amine-containing side chain. [b] n.i.=no inhibition detected at
mm concentrations. [c] (R)-(�)-form.

1040 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 1033 ± 1043

G. Haufe et al.

www.chembiochem.org


gous to our results with tyramine oxidase,[15] enantiomer
(1S,2S)-11a was an excellent inhibitor for both MAO A and B,
whereas the other enantiomer had low activity. For the homol-
ogous alkylamines, only low inhibitory activity toward either
MAO A or B was found.
We also investigated the inhibitory activity of 2-fluoro-1-phe-

nylcyclopropylamine and (2-fluoro-1-phenyl)methylamines.
Both trans-(2-fluoro-1-phenylcyclopropyl)methylamine (35) and
its cis isomer 36 showed quite low activity, but significant
MAO B selectivity. Remarkably, the 2-fluoro analogue 30 of 1-
phenylcyclopropylamine (38) was an excellent inhibitor of
MAO A. In contrast, nonfluorinated 38 is known to be a weak
and moderately selective (A:B=0.26:1) inhibitor of MAO B.[64]

Thus, introduction of a fluorine substituent in position 2, trans
to the amino group, caused a dramatic reversal of isoform
selectivity to give A versus B selectivity of 135:1.
The fluorinated arylcyclopropylamines caused a time- and

concentration-dependent inhibition of MAO, a result indicating
that the inhibition type was irreversible (Tables 4 and 5). This is
in contrast to the inhibition of tyramine oxidase where reversi-
ble inhibition was observed.

As already described for tranylcypromine (1a), irreversible
opening of the cyclopropane ring is considered to be a crucial
step in the inhibition of MAO A and B. As we had expected,
fluorination of the cyclopropyl ring led to increased activity. In-
creased ring strain in the three-membered ring which favors
ring-opening processes is one possible explanation for this
result and provides a reasonable explanation for the increased
potency of inhibition of MAOs by 11a. At this time, it is not
clear how the inhibition potency is affected by para substitu-
tion of fluorinated trans-2-phenylcyclopropylamine. The corre-
lation of the IC50 values with the Hammett parameters, as
shown in Figure 2, indicates that para electron-withdrawing
groups, such as Cl and F, increase potency whereas para elec-
tron-donating groups, such as CH3, decrease potency. In addi-
tion, the position of the fluorine substituent on the cyclopro-
pane ring was demonstrated to have an important effect on
the MAO A/B selectivity.
Interestingly, inhibition studies with mono- and difluorinated

phenethylamines revealed that consecutive fluorination leads
to decreased inhibitory activity against MAO as a result of

lower pKa values of the amino group.
[29] Whereas we also ob-

served lower basicity for 2-aryl-2-fluorocyclopropylamines,
higher inhibition activity was observed compared to nonfluori-
nated 1a. This suggests that effects other than changes in ba-
sicity, such as an increase in cyclopropyl ring strain, are
important.
Recently, structural differences of human MAO A and B were

discussed that were considered to be responsible for substrate
and inhibitor selectivity of these enzymes.[66] For the binding of
the inhibitors to these enzymes, differences in lipophilicity
could be important. In our case, we observed a dramatic rever-
sal of isoform selectivity by introduction of fluorine in posi-
tion 2 of 1-phenylcyclopropylamine. At this time we have no
explanation for why fluorine substitution reverses the MAO se-
lectivity. However, it is possible that the presence of fluorine
would affect the interaction of the inhibitor with key amino
acid residues that play important roles in catalysis and/or in
binding at the MAO active site. It should be noted that physi-
cochemical data reveal that the introduction of a fluorine
atom, as well as the type of substituent in para position, influ-
enced the logD values in the 2-phenylcyclopropylamine series.
The physicochemical data of 1-phenylcyclopropylamine ana-
logues have not been obtained yet.

6. Summary and Outlook

In summarizing these results we conclude that the introduc-
tion of a fluorine substituent on the three-membered ring of
tranylcypromine (1a) improved inhibitory activity against
amine oxidases such as copper-dependent tyramine oxidase
(CAO) and flavin-dependent human liver mitochondrial-outer-
membrane monoamine oxidases A and B (MAO A and MAO B).
Physicochemical data such as pKa values, permeability, and
logD values revealed an interesting pharmacokinetic profile for
diastereopure 2-aryl-2-fluorocyclopropylamines that is strongly
influenced by the fluorine substituent, the regiochemistry of
incorporation, and the relative and absolute configuration of
substituents on the three-membered ring. para Substituents in
the aromatic ring were shown to have a weak influence on
these properties. Results of the biological studies demonstrat-
ed that both substitution with fluorine and cyclopropane ster-
eochemisty have a strong influence on the effectiveness of

Table 5. IC50 values and inhibition type for 2-fluoro-1-phenylcyclopropyl-
amine and (2-fluoro-1-phenylcyclopropyl)methylamines.

Compound Isomer
type[a]

MAO A MAO B

IC50 [mm] inhibition
type

IC50 [mm] inhibition
type

35 trans 320�10 n.d. 24�1 irreversible
36 cis n.i. n.d. 480�230 n.d.
30 trans 3.1�0.1 irreversible 420�190 n.d.
38 ± 730�150 n.d. 190�20 irreversible

[a] Relative configuration of the fluorine substituent and amine-contain-
ing side chain. [b] n.i.=no inhibition detected at mm concentrations.

Figure 2. Correlation of IC50 values of the inhibitors with the Hammett parame-
ters (sP) of the para substituents. The parameters of the substituents were
taken from ref. [65].
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inhibition. However, a definitive understanding of the mecha-
nism(s) leading to the increased activity will require further in-
vestigation. To that end, synthesis of additional analogues of
fluorinated phenylcyclopropylamines is ongoing. In addition to
providing mechanistic insight, we feel this may lead to even
more potent inhibitors.
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