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Abstract—1-Trichloromethyl-1,2,3,4-tetrahydro-b-carboline (TaClo, 2) is a mammalian alkaloid that readily originates in the
human organism, by Pictet–Spengler condensation of endogenously present tryptamine (Ta) and the non-natural hypnotic agent
trichloroacetaldehyde (chloral, Clo). Due to its structural analogy to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP, 1), TaClo is discussed to possibly contribute to the pathogenesis of Parkinson’s disease acting as an environmental toxin.
Previous investigations on rats and neuronal cell cultures revealed 2 to be capable of inducing severe disturbances on the dopamine
metabolism. In this paper, we report on the effects of 2 on the activity of tyrosine hydroxylase [l-tyrosine, tetrayhydropteridine/
oxygen oxidoreductase (3-hydroxylating), EC 1.14,16.2; TH] in vitro using rat brain homogenates prepared from the TH-rich
nucleus accumbens. TaClo (2) dose-dependently inhibited basal TH activity (IC50=3 mM), and after enzyme activation by pituitary
adenylate cyclase-activating polypeptide (PACAP-27), it also reduced l-DOPA formation (IC50=15 mM). Moreover, two presum-
able TaClo metabolites, 2-methyl-TaClo (N-Me-TaClo, 3) and 1-dichloromethylene-1,2,3,4-tetrahydro-b-carboline (1-CCl2-THbC,
4), which were synthesized in good yields, also proved to be potent inhibitors of TH, with the strongest effect on basal activity
(similar to TaClo) being observed for 3 (IC50=3mM). In contrast to TaClo, however, 3 and 4 showed biphasic effects after TH
activation with PACAP-27, inducing a marked increase of enzyme activity in the nanomolar range (<0.1mM), while TH activity
was nearly completely blocked at high concentrations (IC100=0.1mm). An X-ray diffraction investigation on the 3-dimensional
structure of the 1-CCl2-THbC-derived trifluoroacetamide 7 revealed the voluminous and quite rigid dichloromethylene substituent
to be only moderately twisted out of the b-carboline ring ‘plane’, thus resulting in an inreased ring strain of the partially hydro-
genated pyrido moiety accompanied by a strong steric hindrance of Cl(1), Cl(2), C(13), and N(2), which pushes the N-tri-
fluoroacetyl group upwards to an even higher extent than for the TaClo-related trifluoroacetamide 8. # 2002 Elsevier Science Ltd.
All rights reserved.

Introduction

Since 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP,
1) (Fig. 1), a contaminant of ‘synthetic heroin’, has been
reported to be a potent neurotoxin that induces parkin-
sonism in humans,1�3 environmental compounds struc-
turally similar to MPTP have been suggested to

contribute to cell death of dopaminergic neurons and to
act as inhibitors of the enzymes related to catechola-
mine metabolism. Various xenobiotic agents, among
them alkanes,4,5 heavy metals,6,7 pesticides (e.g., rote-
none),8,9 and, in particular, endogenously formed iso-
quinolines10�12 and b-carbolines13�15 have been
discussed to initiate nigrostriatal degeneration in Par-
kinson’s disease.

Highly chlorinated tetrahydro-b-carbolines (THbCs),
which are characterized by a huge lipophilic and radical
inducing CCl3 moiety at C(1), constitute structurally
most unusual representatives of mammalian alkaloids
exhibiting a strong impairment of the dopaminergic
system.16,17 We mainly focus on 1-trichloromethyl-
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1,2,3,4-tetrahydro-b-carboline (TaClo, 2)16,18�20 (Fig.
1), a progressively acting neurotoxin21,22 that was found
to be formed in humans in trace amounts, by Pictet–
Spengler condensation of the biogenic amine tryptamine
(‘Ta’) and therapeutically administered chloral hydrate
(‘Clo’).23,24 Animal studies on rats revealed TaClo to
easily penetrate the blood–brain barrier20,25 and to dis-
play distinct toxic effects towards dopaminergic17,26 and
serotonergic27 neurons. As demonstrated by pulse vol-
tammetric measurements,16,17,26 a unilateral single
intranigral injection of TaClo severely affected the
striatal dopamine metabolism with marked biochemical
disturbances to be observed one week after toxin appli-
cation. The impairment of the dopaminergic system was
even more pronounced three and six weeks after TaClo
administration. Moreover, exposure of TaClo to dopa-
minergic neurons in primary cell cultures28,29 resulted in
a significant decrease in dopamine uptake at concentra-
tions of 25 mM and higher, and led to a marked loss of
tyrosine hydroxylase (TH) immunoreactive neurons.
Besides TaClo itself, two related derivatives and pre-
sumable metabolites, 2-methyl-TaClo (N-Me-TaClo, 3)
and 1-dichloromethylene-THbC (1-CCl2-THbC, 4) (Fig.
1), also turned out to strongly damage TH positive
neurons, as became obvious from a dose-dependent
inhibition of dopamine uptake accompanied by a sig-
nificant reduction of cell number and size.29

Since tyrosine hydroxylase [l-tyrosine, tetrayhydro-
pteridine:oxygen oxidoreductase (3-hydroxylating), EC
1.14,16.2; TH] is known to be the rate-limiting enzyme

of catecholamine biosynthesis,30,31 TaClo (2) and its
analogues 3 and 4 have been studied more closely for
their interaction with TH in vitro using homogenized
tissue of the rat nucleus accumbens, which was proven
to be an excellent enzyme source32 of high TH activities.

This paper deals with the evaluation of the inhibitory
capacities of 2, 3, and 4 towards TH, besides reporting
on appropriate synthetic pathways leading to 3 and 4.
Furthermore, a comparative X-ray diffraction study on
the three-dimensional structures of the trifluoroacetyl
derivatives of TaClo (2) and 1-CCl2-THbC (4) was per-
formed to investigate the steric demand of their chlor-
ine-containing substituents at C-1, in particular, looking
at the influence of the quite flexible trichloromethyl
group versus the more rigid dichloromethylene moiety
on the conformation of the tetrahydropyrido ring sys-
tem.

Results and Discussion

Chemistry

By its still closer structural analogy to MPTP (1), the
N-methylated compound 3 warranted a more detailed
investigation on its mode of action and its presumable
occurrence in vivo as a TaClo metabolite. It was easily
prepared in good yields (>60%) by treatment of TaClo
(2) with methyl iodide in the presence of sodium
hydrogencarbonate. b-Elimination of HCl from 2 gen-
erated the THbC 4, a probable in vivo TaClo degrada-
tion product, which was found to exhibit by far the
most lipophilic character within these highly chlorinated
THbCs 2–4 described in our study. 1-CCl2-THbC (4)
was synthesized following a rational two-step reaction
sequence (see Scheme 1) via its formamide 6, giving rise
to analytically completely pure, crystalline material of 4.
Starting from N-formyl-TaClo (5), a most useful stable
stock compound in TaClo synthesis,16,18 the inter-
mediate 6 was obtained by elimination of hydrochloric
acid in refluxing methanol under mild basic conditions.
Finally, smooth N-deformylation of 6 in methanolic
hydrochloric acid yielded the desired target molecule
1-CCl2-THbC (4) as its hydrochloride salt in an
excellent overall yield of about 91%. The likewise
attempted direct dehydrohalogenation of TaClo (2)
(see Scheme 1), by contrast, gave less favorable yields
(�53%).

Figure 1. The dopaminergic neurotoxin MPTP (1), the structurally
closely related highly chlorinated mammalian alkaloid TaClo (2), and
its presumable metabolites, N-Me-TaClo (3) and 1-CCl2-THbC (4).

Scheme 1. Two alternative synthetic pathways to 1-CCl2-THbC (4).

2208 G. Bringmann et al. / Bioorg. Med. Chem. 10 (2002) 2207–2214



X-ray crystallography

With respect to the strong interaction of TaClo (2) and
its presumable metabolites 3 and 4 with enzymes related
to energy metabolism17,29 and catecholamine biosynth-
esis16,17,29 (see also next section), the knowledge of the
steric effects exhibited by a voluminous trihalogen-
methyl or a dichloromethylene group at C(1) on the
conformation of a tetrahydro-b-carboline ring system
seemed desirable. In contrast to the authentic bioactive
compound 4, which unfortunately did not give crystals
suited for an X-ray investigation, the trifluoroacetamide
7 as obtained from 4 by trifluoracetylation did afford
material of sufficient quality for this purpose. As expec-
ted, due to the additional sp2-center at C-1 of the
1-CCl2-THbC derivative 7 as compared to the TaClo
derivative 8, on which we reported previously,17 the
partially hydrogenated pyrido part of 7 is partially pla-
narized adopting a half-chair conformation, with only
C(3) and N(2) significantly located out of the b-carbo-
line ring ‘plane’ (see Fig. 2). The dichloromethylene
substituent at C(1) of 7, in contrast to the CCl3 group of
8,17 was found to be twisted out of the ring system only
to a relatively small degree. This becomes manifest from
the interplanar angle between C(5)–C(13)–C(1) and the
plane C(13)–C(1)–C(14), which is only 24.4�, whereas
the CCl3 group of 8 occupies a nearly pseudo-axial
position, with a significantly larger interplanar angle of
64.3� between the planes C(5)–C(13)–C(1) and C(13)–
C(1)–C(14). While in 8 the three chlorine atoms at C(14)
adopt a perfectly staggered orientation, thus resulting in
a minimization of their steric interactions with C(13)
and the N-trifluoroacetyl function, the more rigid
dichloromethylene moiety of 7 leads to an enhanced
ring strain of the six-membered heterocyclic part,
accompanied by a high steric hindrance of the atoms
Cl(1), Cl(2), C(13), and N(2), also influenced by the
large van der Waals radius of chlorine (1.8 Å). As illu-
strated in Figure 2(b), the increased steric effects on the
THbC framework exhibited by the ¼CCl2 group as
compared to those by the CCl3 substituent are best
visualized by a match plot of the crystal structures of 7
and 8, demonstrating the trifluoracetyl substituent at
N(2) to be pushed upwards by the demanding sub-
stituent at C-1 for 8 and, to an even higher degree, for 7.
The strain that, in turn, the N-trifluoroacetyl group
exerts on the C-1 substitutent, even leads to a slight
distortion of the—otherwise planar—C(1)¼C(14)
alkene system, as seen from the dihedral angles N(2)–
C(1)–C(14)–Cl(1) (1.5�) and C(13)–C(1)–C(14)–Cl(2)
(3.7�), and more significantly, from the combination of
these effects, the interplanar angle between the planes
C(13)–C(1)–N(2) and Cl(2)–C(14)–Cl(1), which
amounts to 5.6� in a P-helical manner.

Inhibition of tyrosine hydroxylase (TH) activity by
TaClo (2) and its derivatives 3 and 4

Tyrosine hydroxylase (TH; EC 1.14.16.2) catalyzes the
first step in catecholamine biosynthesis by hydroxylat-
ing l-4-hydroxyphenylalanine (l-tyrosine) to l-3,4-
dihydroxyphenylalanine (l-DOPA).30,31,33 Inhibition of
this physiologically important enzyme is suggested to be

one of the common characters of dopaminergic neu-
rotoxins.33�36 Since some of the acute symptoms caused
by the parkinsonism-inducing agent MPTP (1) are
attributed to the ability of 1 to massively reduce both,
striatal TH activity and TH protein synthesis,37,38 stud-
ies on the regulatory mode of action of naturally
occurring TH inhibitors have gained increasing rele-
vance. Isoquinolines and b-carbolines resembling the
structure of MPTP are interesting candidates for endo-
genously present compounds that might possibly affect
tyrosine hydroxylation.36 Indeed, several tetra-
hydroisoquinolines among them salsolinol34,35 and
N-methyl-norsalsolinol39 are known to strongly act on
TH activity in vitro and to induce reduction of TH expres-
sion in vivo (e.g., N-methyl-tetrahydroisoquinoline40).

Figure 2. (a) Schakal plot of the crystal structure of N-tri-
fluoroacetyl-1-dichloromethylene-1,2,3,4-tetrahydro-b-carboline (7)
(viewed peripendicular) with a guide of the atomic numbering system
adopted in the X-ray investigation. (b) Joint plot of the structures of 7
(blue) and the TaClo-derived N-trifluoroacetyl derivative 8 (yellow)
(cf, lit.17) in the crystal, matched with respect to the indole part of the
molecules, viewed horizontal to the tetrahydropyrido ring planes
(hydrogen atoms omitted for reasons of clarity).
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Surprisingly, only few and in part contradictory results
have been reported on the interaction of b-carbolines
with TH.36 For example, N-methyl-b-carbolinium ion
was shown to cause TH inhibition,41 while, by contrast,
the benzodiazepine inverse agonist N-methyl-b-carbo-
line-3-carboxamide was found to stimulate TH activity
in the rat prefrontal cortex.42

Employing TH-rich homogenates of the rat nucleus
accumbens as the enzyme source, the chloral-derived
THbC TaClo (2) was found to exert a concentration-
dependent reduction of basal enzyme activity (11 pmol
l-DOPA/min/mg protein), with an IC50 value of
approximately 3 mm (see Fig. 3 and Table 1). Addition
of 0.1mM of 2 to the incubation mixture resulted in a
complete TH inhibition. Comparable to the parent
compound 2, its N-methylated derivative 3 also dis-
played dose-dependently a pronounced inhibitory effect
on TH in the micromolar range (IC50=3 mM, see Table
1). Interestingly, the degree of basal TH inhibition
induced by 2 and 3 was similar to that measured for the
tetrahydroisoquinoline alkaloid N-methyl-norsalsolinol
(IC50=10 mM) in our assay, as reported earlier.39 And
even for the artificial neurotoxin MPTP (1), a nearly
identical trend has been described for its inhibitory capa-
city on TH in tissue slices of the rat nucleus accumbens,
again with an IC50 value of approximately 10 mM.37

Different from 2 and 3, however, 1-CCl2-THbC (4)
markedly enhanced TH activity in low concentrations
varying between 1 nM and 10 mM, with a maximal
increase of 300% over basal activity at a concentration
of 0.1 mM. Interestingly, at concentrations higher than
10 mM, 4 was shown to significantly inhibit the enzyme.
TH activity was reduced by 50% at approximately
20 mM (IC50, see Table 1), and the enzyme was nearly
completely blocked at a concentration of 0.1mM.

As reported earlier,43 we have demonstrated that pitui-
tary adenylate cyclase-activating polypeptide (PACAP-

27) is capable of enhancing TH activity in homogenate
preparations of the rat nucleus accumbens through
receptor-mediated cAMP formation assisted by pro-
teinkinase A (PKA). For example, TH activation pro-
duced by PACAP-27 (1 mM) in the presence of the
adenosine nucleotide App(NH)p (0.1mM) led to a
maximal increase of 520–550% over basal TH activity.
Moreover, with respect to the fact that PACAP-27 takes
part in the short-term TH regulation in dopaminergic
neurons,43 we examined the effects exhibited by the
THbCs 2–4 on PACAP-activated TH in this study, too.

As outlined in Table 1, besides being an effective inhi-
bitor of basal tyrosine hydroxylation, TaClo (2) also
distinctly reduced TH activity in homogenate prepara-
tions of the nucleus accumbens preincubated with 1 mM
of PACAP-27. In this assay, the IC50 value for 2 was
determined to be 15 mM, while a total inhibition of
PACAP-activated TH was achieved at 0.1mM (cf., Fig.
3). By contrast, when N-Me-TaClo (3) was added to the
PACAP-activated incubation medium in nanomolar
quantities (1 nM up to 1 mM), a strong enhancement of
enzymatic l-DOPA formation was observed, with a
maximal increase of 700% over basal TH activity at
0.3 mM. An even more pronounced stimulating effect on
enzyme activity was found to be displayed by 1-CCl2-
THbC (4): Similar to 3, 4 also strongly increased
PACAP-induced l-DOPA production at concentrations
in the nanomolar range (1 nM up to 100 nM), with a
maximum of 790% increase over basal TH activity at
10 nM (see Table 1). At high concentrations of 3 and 4,
however, both agents proved to be potent inhibitors of
PACAP-activated TH, discernible from IC50 values of
9 mM for 3, and 5 mM for 4. For both of these THbCs,
total TH inhibition was achieved at a concentration of
0.1mM. Thus, taken together, 3 and 4 produced bipha-
sic effects on TH activated by PACAP-27. Both com-
pounds induced a substantial enhancement of enzyme
activity at low and caused a strong inhibition at high
THbC concentrations.

Outlook

TH is known to underly diverse short- and long-term
regulatory mechanisms, involving feedback inhibition
and enzyme phosphorylation at the short-term level,
and transcriptional and translational mechanisms at the

Table 1. The inhibitory effect of TaClo (2), 2-Me-TaClo (3), and

1-CCl2-THbC (4) on TH activity (IC50) in the absence (basal) and

presence of PACAP-27 (1mM)

Compd TH activity (basal)
in the absence
of PACAP-27

TH activity in the presence of
PACAP-27

IC50 (mM) IC50

(mM)
CAmax

a

(mM)
Amax

b

(%)

2 3 15 — —
3 3 9 0.3 700
4 20 5 0.01 790

N=6 for each experimental condition.
aCAmax, concentration (mM) of the tetrahydro-b-carbolines 2, 3, and 4
at maximal enzyme activation.
bAmax, maximal enzyme activation (%) over basal TH activity (100%).

Figure 3. The effect of TaClo (2) on TH activity in the absence (*)
and presence (*) of PACAP-27 (1mM). N=6 for each experimental
condition.
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long-term level (for a review see lit.44). Since PACAP-27
was found to activate TH through PKA-dependent
phosphorylation of the regulatory N-terminus of the
enzyme,45 the results described above led us to suggest
that 2, 3, and 4 interact with the PKA-TH complex.
Although some trends are evident, nonetheless, detailed
investigations on the mode of action considering both,
the stimulating and the inhibitory effects on tyrosine
hydroxylation displayed by these chloral-derived THbCs
2–4, are sill missing. Further work is in progress.

Experimental

General methods

Melting points (uncorrected) were determined on a
Reichert-Jung Thermovar hot-stage apparatus. Infrared
spectra (IR) were obtained on a Perkin–Elmer Model
1420 spectrophotometer. KBr refers to a potassium
bromide disk for infrared spectra. Proton and carbon-
13 spectra were recorded on a Bruker AC 250 spectro-
meter at 250MHz (for 1H NMR), and at 63MHz (for
13C NMR). Chemical shifts (d) are reported in parts per
million (ppm), and are referenced to internal chloro-
form (1H, d=7.26 ppm), acetone (1H, d=2.01 ppm),
methanol (1H, d=3.33 ppm; 13C, d=49.02 ppm) or
dimethylsulfoxide (13C, d=39.43 ppm) in the deuterated
solvents. Coupling constants (J) are given in Hertz
(Hz). For mass spectrometry (electron ionization,
70 eV), a Finnigan MAT 8200 instrument was used. The
peaks listed are those arising from the molecular ion
[M]+�, those attributable to loss of certain fragments
(M+ minus a fragment), and some other prominent
peaks. Elemental analyses were performed by the
Microanalysis Laboratory of the Institute of Inorganic
Chemistry (University of Würzburg) on a Carlo Erba
Elemental Analyzer M 1106 apparatus.

Materials

All reagents used were of commercial quality. NSD
1015 and pituitary adenylate cyclase-activating poly-
peptide (PACAP-27) were purchased from Research
Biochemicals International (Cologne, Germany), 6,7-
dimethyl-5,6,7,8-tetrahydropterin (DMPH4) from
Sigma-Aldrich GmbH (Deisenhofen, Germany).
Organic solvents were dried and distilled prior to use.
The petroleum ether used had a boiling range of 30–
70 �C. 1-Trichloromethyl-1,2,3,4-tetrahydro-9H-pyrido
[3,4-b]indole hydrochloride (2�HCl) was prepared from
tryptamine and trichloroacetaldehyde (chloral) via
2-formyl-1-trichloromethyl-1,2,3,4-tetrahydro-9H-pyrido
[3,4-b]indole (5)18 as described previously.16,18 Reac-
tions were monitored by thin-layer chromatography
(TLC) on aluminum plates coated with silica gel 60 F254

(Merck, Darmstadt, Germany). Column chromato-
graphy was performed on Merck silica gel (0.063–
0.200mm).

2-Methyl-1-trichloromethyl-1,2,3,4-tetrahydro-9H-pyrido
[3,4-b]indole hydrochloride (3�HCl). To a suspension of
2�HCl16,18 (1.00 g, 3.07mmol) and sodium hydro-

gencarbonate (1.00 g, 11.9mmol) in dry methanol
(40mL), methyl iodide (2.00mL, 4.54 g, 32.0mmol) was
added. The methylation reaction was allowed to pro-
ceed in the dark at room temperature with intensive
stirring for 3 days. The solution was then concentrated
in vacuo, and the residue was purified by column chro-
matography on silica gel (eluent: petroleum ether/tert-
butyl methyl ether, 2:1). Fractions containing the
desired pure product were combined, and treated with
methanol saturated with HCl. The solvent was removed
under reduced pressure affording 3�HCl (670mg,
1.97mmol, 64% yield) as a pale yellow amorphous
solid: mp 96 �C (dec). IR (KBr, cm�1) 3330 (indole
NH), 2900 (CH), 2650, 1450, 1430, 1410 (CH), 815, 750
(CCl); 1H NMR (CD3OD): d 3.18 (s, 3H, NCH3), 3.26–
3.33 (m, 2H, 4-H, overlay by solvent), 3.70 (dt,
Jgem=13.1Hz, J=4.5Hz, 1H, 3-H), 4.31 (dt,
Jgem=13.1Hz, J=8.8Hz, 1H, 3-H), 6.05 (s, 1H, 1-H),
7.11–7.17 (m, 1H, 6-H or 7-H), 7.24–7.31 (m, 1H, 6-H
or 7-H), 7.48–7.52 (m, 1H, 5-H or 8-H), 7.59–7.63 (m,
1H, 5-H or 8-H); 13C NMR (CD3OD): d 16.1 (C-4),
43.8 (C-3), 46.6 (C-1), 72.3 (CH3), 111.3 (CCl3), 111.8,
118.3, 118.7, 122.2, 125.3, 136.6; MS (EI, 70 eV) m/z (rel
int) 308/306/304/302 (0.1/0.3/1.3/1.4) [M]+�, 270/268/
266 (0.5/1.9/3.0) [M�HCl], 234/232 (2.3/7.8) [M�2 Cl],
185 (100) [M�CCl3]. Anal. Calcd for C13H13Cl3N2

�

HCl: C, 45.91; H, 4.15; N, 8.24. Found: C, 45.80; H,
4.32; N, 7.96.

1-Dichloromethylene -2- formyl -1,2,3,4 - tetrahydro-9H -
pyrido[3,4-b]indole (6). To a stirred suspension of 518

(1.00 g, 3.15mmol) in methanol (50mL), a solution of
potassium hydroxide (1.00 g, 17.8mmol) in methanol
(30mL) was cautiously added over a period of 30min.
The reaction mixture was heated at reflux for 15min
with intensive stirring, then cooled to room tempera-
ture, and evaporated to dryness. Purification of the
crude product by filtration through a short silica gel
column (eluent: petroleum ether/tert-butyl methyl ether,
2:1), and crystallization from methanol yielded 6 (0.82 g,
2.92mmol, 93% yield) as beige-colored crystals: mp
187 �C (dec). IR (KBr, cm�1) 3280 (indole NH), 3040,
2940, 2900, 2830 (CH), 1660 (C¼O), 1445, 1395 (CH2),
750 (CCl); 1H NMR (C3D6O): occurrence of two dis-
tinct rotational isomers A and B, ratio 3:1. Isomer A: d
2.92 (mc, 2H, 4-H), 4.06 (mc, 2H, 3-H), 7.04–7.12 (m,
1H, 6-H, 7-H, overlay by isomer B), 7.18–7.27 (m, 1H,
6-H or 7-H, overlay by isomer B and solvent), 7.48–7.57
(m, 2H, 5-H, 8-H, overlay by isomer B), 8.44 (s, 1H,
NCHO). Isomer B: d 3.01–3.07 (m, 2H, 4-H), 3.65–3.78
(m, 1H, 3-H), 4.34–4.42 (m, 1H, 3-H), 7.04–7.12 (m, 1H,
6-H or 7-H, overlay by isomer A), 7.18–7.27 (m, 1H, 6-
H or 7-H, overlay by isomer A), 7.48–7.57 (m, 2H, 5-H,
8-H, overlay by isomer A), 8.29 (s, 1H, NCHO); 13C
NMR [(CD3)2SO]: Isomer A: d 20.9 (C-4), 44.9 (C-3),
110.1 (C-1), 112.5, 115.1 (CCl2), 118.9, 119.7, 124.0,
125.1, 137.2, 163.3 (C¼O). Isomer B: d 22.9 (C-4), 44.2
(C-3), 109.3, 112.4, 114.0, 118.8, 119.6, 123.8, 125.0,
137.1, 160.7 (C¼O); MS (EI, 70 eV) m/z (rel int) 284/
282/280 (2.3/13/19) [M]+�, 247/245 (38/100) [M�Cl],
219/217 (4.7/13) [247/245�CO], 181 (44) [219/
217�HCl]. Anal. Calcd for C13H10Cl2N2O: C, 55.54; H,
3.59; N, 9.96. Found: C, 55.58; H, 3.77; N, 9.71.
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1-Dichloromethylene-1,2,3,4-tetrahydro-9H-pyrido[3,4-
b]indole hydrochloride (4�HCl). Method A. To a well-
stirred solution of 2�HCl16,18 (2.00 g, 6.14mmol) in
methanol (100mL), a suspension of potassium hydrox-
ide (2.00 g, 35.7mmol) in methanol (60mL) was slowly
added. The reaction mixture was heated at reflux for
15min, then cooled to room temperature, and filtered
through Celite to remove a precipitate of potassium
chloride. The solvent was removed under reduced pres-
sure, and the brown residue was purified by column
chromatography on silica gel (eluent: petroleum ether/
tert-butyl methyl ether, 2:1). Saturated methanolic HCl
was added to the combined fractions. After evaporation
to dryness, the crude product was recrystallized from
methanol/diethyl ether affording 4�HCl (0.94 g,
3.25mmol, 53% yield) as an orange-colored crystalline
powder, mp 175 �C (dec.). IR (KBr, cm�1) 3400 (indole
NH), 2850 (NH), 1620 (C¼C), 1530 (aryl C¼C),
780, 760 (CCl); 1H NMR (CDCl3): d 2.89 (mc, 2H,
4-H), 3.91 (mc, 2H, 3-H), 7.02–7.15 (m, 1H, 6-H),
7.18–7.33 (m, 1H, 7-H), 7.43–7.64 (m, 2H, 5-H, 8-H);
13C NMR (CD3OD): d 20.1 (C-4), 44.6 (C-3), 107.8,
(C-1), 114.6 (CCl2), 122.4, 123.3, 123.7, 124.0, 131.3,
132.3, 176.2; MS (EI, 70 eV) m/z (rel int) 256/254/252
(4.6/28/47) [M]+�, 219/217 (32/100) [M�Cl], 181 (28)
[M� HCl�Cl]. Anal. Calcd for C12H11Cl2N2

�HCl: C,
49.77; H, 3.83; N, 9.67. Found: C, 49.55; H, 3.84; N,
9.46.

Method B. Concentrated HCl (1.8mL) was added to a
solution of 6 (800mg, 2.85mmol) in methanol (20mL).
The mixture was refluxed for 15min. The residue
obtained after removal of the solvent was recrystallized
from methanol/diethyl ether to give 4�HCl (808mg,
2.79mmol, 98% yield) as orange-colored crystals, mp
174 �C (dec). All spectroscopic data are in agreement
with those reported above.

1-Dichloromethylene-2-trifluoroacetyl-1,2,3,4-tetrahydro-
9H-pyrido[3,4-b]indole (7). To a suspension of 4�HCl
(100mg, 0.35mmol) in dry dichloromethane (15mL),
triethylamine (0.20mL, 132mg, 1.10mmol) was added.
The mixture was treated dropwise with trifluoroacetic
anhydride (0.12mL, 181mg, 0.86mmol) at 0 �C, then
stirred at room temperature for 2 h, and extracted with
water (3�). The organic phases were dried over anhy-
drous magnesium sulfate, filtered, and concentrated in
vacuo. Purification of the residue by crystallization from
methanol/petroleum ether provided the title compound
(99mg, 0.28mmol, 82% yield) as pale yellow crystals,
suitable for X-ray structure analysis: mp 232 �C (dec).
IR (KBr, cm�1) 3330 (indole NH), 3040, 2900, 2840
(CH), 1685 (C¼O), 1195, 1180, 1140 (CN, CF), 1040,
745; 1H NMR (CDCl3): d 2.95–3.03 (m, 1H, 4-H), 3.09–
3.23 (m, 1H, 4-H), 3.70–3.82 (m, 1H, 3-H), 4.47–4.55
(m, 1H, 3-H), 7.12–7.19 (m, 1H, 6-H or 7-H), 7.26–7.33
(m, 1H, 7-H or 6-H, overlay by solvent), 7.38–7.41 (m,
1H, 5-H or 8-H), 7.49–7.52 (m, 1H, 8-H or 5-H), 8.90
(br. s, 1H, indole NH); 13C NMR (CDCl3): d 23.6 (C-4),
46.7 (C-3), 111.6 (C-1), 114.2 (CCl2), 119.1 (CF3), 120.7,
120.8, 124.8, 125.5, 125.6, 131.3, 136.1; MS (EI, 70 eV)
m/z (rel int) 352/350/348 (2.5/13/20) [M]+�, 315/313 (32/
100) [M�HCl], 249 (26), 154 (60). Anal. Calcd for

C14H9Cl2F3N2O: C, 48.16; H, 2.60; N, 8.02. Found: C,
48.17; H, 2.63; N, 7.89.

Single-crystal X-ray diffraction analysis of 7. The crystal
chosen for X-ray investigations was a clear pale yellow lath
with the approximate dimensions 0.20�0.65�0.05mm.
Data were collected on a Siemens R3m/V four-circle dif-
fractometer using graphite monochromatic Mo-Ka
radiation (l=0.71073 Å) in o-scan mode in the range of
1.75�<y<27.5�.46 C14H9Cl2F3N2O (349.14 gmol�1)
crystallizes in the triclinic system, space group P1

-
, with

a=9.002 (2), b=10.267 (3), c=8.811 (3) Å, a=109.73
(3)�, b=109.87 (3)�, w=84.91 (2)�, V=720.7 (4) Å3,
Z=2, m(Mo-Ka)=0.49mm�1, and Dcalcd=1.609 g cm�3.
Unit cell parameters were determined by least-squares
refinement using 60 centered reflections within
8.6�<y<14.4�. A total of 3313 reflections were col-
lected to 2ymax=55� (h: �11!10, k: �13!12, l: 0!11)
of which 3313 were unique. The structure was solved by
direct phase determination and refined by full-matrix
anisotropic least-squares with the aid of the program
Shelxl-97.47 In refinements, weights were used accord-
ing to the scheme w=1/[s2(Fo)]. The refinement con-
verged to the final agreement factors R=0.044, and
Rw=0.042, for 204 parameters and 2646 observed
reflections with F>3s(F); data-to-parameter ratio being
12.97. The electron density of the largest difference peak
was found to be 0.29 eÅ�3, while that of the largest dif-
ference hole was 0.22 eÅ�3. All non-hydrogen atoms
were refined anisotropically. The hydrogen positions
were calculated using a riding model and were
considered fixed with isotropic thermal parameters
in all refinements. In the crystals of 7, the mole-
cules are connected by intermolecular hydrogen bonds
H(12)	 	 	O(15) [2.17 Å]—direction [11

-
0]—forming

‘dimeric’ arrays. Tables of bond distances and angles,
atomic coordinates, and anisotropic thermal parameters
for 7 (CCDC 171412) have been deposited with the
Cambridge Crystallographic Data Centre.48 Software
used to prepare material for publication: Schakal 88.49

Neurochemical assay for the determination of tyrosine
hydroxylase (TH) activity

As described previously,39 female Wistar rats (age: ca. 2
months, body weight: 150–200 g) were sacrificed by
decapitation, the brains were immediately removed, and
stored at �40 �C prior to preparation of homogenates
from the nucleus accumbens serving as the TH source.
The nucleus accumbens was identified according to De
Groot.50 For each experimental procedure, one nucleus
accumbens of each of two different rats was used to
reduce interindividual differences.51 Brains were homo-
genized by 3�10 strokes with 10 mL of an ice-cold solu-
tion of 0.1M sodium phosphate buffer (pH 7.4) per mg
tissue weight. Protein concentrations were determined
as reported by Bensadoun and Weinstein52 using bovine
g-globulin as standard. TH activity was assayed
according to Naoi et al.,53 but modified in the following
manner: The assay was composed of 20 mL of homo-
genate containing approximately 40 mg of protein, 2mm

of ferrous ammonium sulfate, 10 mg of bovine catalase,
50 mM of NSD 1015 as inhibitor of l-3,4-dihydroxy-
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phenylalanine (l-DOPA)-decarboxylase (aromatic
l-amino acid decarboxylase, EC 4.1.1.28), 10mM of
sodium acetate buffer (pH 6.0), previously gassed with
oxygen for 10min, and the indicated THbCs 2–4. After
a preincubation period of 5min at 37 �C, the assay was
started by addition of 0.1mm of l-tyrosine and 10 mM
of 6,7-dimethyl-5,6,7,8-tetrahydropterin (DMPH4) as
cofactor. The artificial DMPH4 was employed for these
incubation experiments because of its enhanced chemi-
cal stability as compared to the natural cofactor tetra-
hydropterin and due to the fact that no interfering
metabolites of the cofactor were monitored by the high-
performance liquid chromatography (HPLC) measure-
ments described below. After 10min at 37 �C, incuba-
tion was terminated by addition of 33mL/L perchloric
acid containing 150 nM l-a-methyl-DOPA as the inter-
nal standard for analysis by means of HPLC coupled to
a electrochemical detector.39 l-DOPA, the product of
enzymatic hydroxylation of l-tyrosine, was monitored
on a RP-18 column (Eurospher RP 18, 250�4.0mm,
particle size: 5 mm) using a degassed solution of 0.3mm

of disodium-EDTA, 0.52mm of 1-sodium-octanesulfo-
nate, 115mL/L of methanol and 0.1 m of citrate buffer
(pH 3.0) as the mobile phase under isocratic condi-
tions.39 The identity of l-DOPA was assessed in each of
the samples by retention times analysis using an
authentic solution of l-DOPA. Non-enzymatic forma-
tion of l-DOPA was determined applying 0.1mM

d-tyrosine as substrate and 0.1mM a-methyl-l-para-
tyrosine (aMpT) as known inhibitor of TH. Enzymatic
l-DOPA formation was calculated by total l-DOPA
synthesis minus non-enzymatic formation. All data
given in this paper reflect enzymatic l-DOPA synthesis.
Values were expressed in picomoles (pmol) l-DOPA/
min/mg protein. For statistics, the Superior Performing
Software System (SPSS) for Windows, version 3.0
(Microsoft Corporation, Redmond, WA, USA) was
used to calculate means
standard deviations. Results
were compared by analysis of variance (ANOVA) or
Student’s t-test where applicable. Results were con-
sidered to be of statistical significance, if the calculated p
value was lower than 0.05.
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