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Abstract

Time-averaged conformations of (+£)-1-[3,4-(methylenedioxy)phenyl]-2-methylaminopropane hydrochloride (MDMA, “‘ecstasy’’) in D,0,
and of its free base and trifluoroacetate in CDCls, were deduced from their "H NMR spectra and used to calculate their conformer distribution.
Their rotational potential energy surface (PES) was calculated at the RHF/6-31G(d,p), B3LYP/6-31G(d,p), B3LYP/cc-pVDZ and AM1 levels.
Solvent effects were evaluated using the polarizable continuum model. The NMR and theoretical studies showed that, in the free base, the N-methyl
group and the ring are preferentially trans. This preference is stronger in the salts and corresponds to the X-ray structure of the hydrochloride.
However, the energy barriers separating these forms are very low. The X-ray diffraction crystal structures of the anhydrous salt and its monohydrate
differed mainly in the trans or cis relationship of the N-methyl group to the a-methyl, although these two forms interconvert freely in solution.
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1. Introduction

(£)-1-[3,4-(Methylenedioxy)phenyl]-2-methylaminopro-
pane (methylenedioxymethamphetamine, “MDMA”, Fig. 1)
[1], is the prototype of a small series of psychoactive substances
commonly termed “‘entactogens’ [2]. ““This compound widely
used as a recreational drug” [3,4] has been reported as a
relatively selective dopaminergic neurotoxin in mice [5].
Nicotine produces effects comparable to those of MDMA on
dopamine release [6]. As a consequence, it has been the subject
of a large number of scientific publications on its pharmacology
and toxicology where adverse MDMA effects are usually
ascribed to neurotransmitter release in the central nervous
system. Although there is no agreement regarding the
mechanism(s) underlying the subjective effects of MDMA,
its monoamine-releasing actions seem to play a dominant role
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[7], with some contribution from its direct effects on serotonin
receptors [8]. Previous studies have demonstrated the
participation of alpha-7 nicotinic receptors (nAChR) in the
neurotoxic effect of methamphetamine. In vivo, methyllyca-
conitine (MLA), a specific alpha-7 nAChR antagonist,
significantly prevented MDMA-induced neurotoxicity at the
dopaminergic but not serotonergic level [5]. MDMA induces
Ca”* transients in myotubes and increases their acidification
rate. However another specific antagonist of nAChR, alpha-
bungarotoxin, abolished these MDMA effects. The nAChR
agonistic action of MDMA has been confirmed by patch-clamp
measurements of ion currents on human embryonic kidney cells
expressing nAChR [9].

In 1985, a World Health Organization (WHO) Expert
Committee on Drug Dependence recommended placing
MDMA on Schedule I (meaning that it has no medical use
and a high potential for abuse), and its possession, distribution
and manufacture were promptly declared criminal offences,
initially in the USA and subsequently in many other countries.
Nevertheless, in the last few years several clinical studies have
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Fig. 1. Structural formula of (%)-1-[3,4-(methylenedioxyphenyl)]-2-methyla-
minopropane. Numbering is according to the crystal structure of Morimoto et al.
[11]. The curved arrows indicate the torsion angles 0 _3.

begun to explore the use of MDMA in the treatment of post-
traumatic stress disorder [10].

The conformational mobility of a flexible drug molecule
plays an important role in its interaction with its biological
binding site(s) and presumably has a profound influence on its
pharmacological properties. To investigate the conformational
space of MDMA as the free and protonated base in D,0 and in
CDClj; at a molecular level, we carried out NMR studies using
"H NMR coupling constants. Since spin-lattice relaxation times
(Ty) as well as chemical shifts change with concentration,
solvent and temperature, these parameters were not included to
study conformational preferences, thus avoiding erroneous
conclusions.

Quantum-chemical calculations (ab initio and semiempi-
rical) including solvent effects were performed to shed light on
the energetics of the intramolecular rotations. Finally, we
compared the published X-ray structure of anhydrous MDMA
hydrochloride [11] with the crystallographic structure of a
monohydrate obtained in our laboratories.

2. Materials and methods
2.1. Chemistry

(£)-MDMA was synthesized by reductive amination of
piperonylmethylketone as described in the literature [1]. "H and
13C NMR spectra were recorded for MDMA free base and its
trifluoroacetate in CDCl5, and for its hydrochloride in D,0, at
300 MHz ('H) and 75 MHz (*C) using a Bruker AMX-300
spectrometer. '*C spin-lattice relaxation times were determined
on deoxygenated samples (prepared by bubbling N, in the
sample tube), using 180°, 7, 90° (inversion-recovery) pulse
sequences controlled by standard Bruker software. While
recovering a sample of MDMA-HCI, a crop of colourless flat
rhombic parallelepipeds was obtained which was obviously
different from the more compact crystals of the anhydrous salt.

This material, in spite of its clean '"H NMR spectrum in DO,
did not exhibit a sharp melting point under the microscope
(Cambridge Instruments Reichert-Jung Galen III). With slow
heating it began to melt at about 80 °C, promptly crystallized
again exhibiting sharp right angles, softened again from 88 °C,
melted almost completely at 135 °C with some new crystals
forming on the edges of the melt, which disappeared at 140 °C.
One of the tabular crystals was selected for X-ray diffraction.

2.2. X-ray analysis

The measurements were made at room temperature on an
Enraf-Nonius KAPPA CCD diffractometer (95 mm CCD
camera on k-goniostat) with graphite monochromated Mo
Ka (A =0.71703 A) radiation. Data collection (¢ scans and w
scans with « offsets) used the COLLECT Program; [12]
integration and scaling of the reflections was performed with
the HKL DENZO SCALEPACK set of programs [13]. Data
were collected up to 50° in 26, with a redundancy of 4. The final
unit cell parameters were based on all reflections using HKL-
SCALEPACK [13]. The structure was solved using the direct
method and refined by the full-matrix least squares procedure
on F? with SHELXS-97 [14]. Hydrogen atoms were set to be
isotropic and freely refined. The WINGX [15] program was
used to analyze and prepare the data for publication. Crystal
data, data collection procedures, structure determination
methods and refinement results are summarized in Table 1.
The ORTEP representation was prepared using ORTEP-3 for
Windows (Fig. 2) [15]. Atomic and thermal vibration
parameters and other crystallographic structural data have
been deposited with the Cambridge Crystallographic Data
Centre as CCDC 292512.

2.3. Quantum-chemical studies

2.3.1. Equilibrium structures of MDMA

The MDMA molecule in its neutral and protonated forms
possesses a fundamental framework containing three torsional
degrees of freedom. These involve the twist angles 6,, [C5-C4—
C8—C9 sequence], 6, [C4-C8—-C9-N sequence], and 65, [C8—
C9-N-C11 sequence], illustrated in Fig. 1. Rotation around 6,
generates three rotamers depicted in Fig. 3: the “extended” or
anti one (A) has 0; =90°, 6, = —180°, with the benzene ring
and the N-CHj3 group in an anti relationship around the C8—C9
bond; and two ‘“‘folded”, gauche or syn ones (S; and S,,
respectively) having 6; =90°, 6,=—-60° and 6; =90°,
6, = 60°, respectively, with the ring and the N-CH3 group in
a syn relationship around the same bond.

Full geometry optimizations were carried out in vacuo using
both the semi-empirical AM1 method and the RHF/6-31G(d,p)
level of theory. For the DFT calculations, Becke’s three-
parameter hybrid functional (B3) together with the correlation
functional of Lee, Yang and Parr (LYP) and Dunning’s cc-
pVDZ basis set were employed as implemented in the Gaussian
98 package of programs [16]. Solvent effects on the
conformational and electronic structure of MDMA and its
N-protonated conjugate acid, with the dielectric constant fixed



Table 1

"H chemical shifts and vicinal coupling constants of side-chain protons®, and conformer distribution” in free base and protonated MDMA

Chemical shifts (ppm)*

Compound Solvent Hp Hg Hc

Free base CDCl, 2.59 2.54 2.73
Hydrochloride D0 2.81 297 3.47
Trifluoroacetate CDCl, 2.66 3.15 3.26

Vicinal coupling constants Conformer distribution”

(Hz)a,b

Jac Jsc Jag A S S,
6.9 6.4 13.4 0.44° 0.37° 0.19°
7.8 6.4 14.0 0.58¢ 0.42¢ 0.00¢
10.3 42 13.3 0.82° 0.18° 0.00°

4 'H NMR spectra were recorded at 300 MHz using 0.1 M solutions, § relative to TMS (CDCl3) or TMSPA-d, sodium salt (D,0); 7 =300 K.

" Calculated from experimental spectra.

¢ Calculated assuming J, =2.8 Hz and J, = 12.3 Hz.
4 Calculated assuming Jy;=2.6Hz and J;=11.7 Hz.
¢ Calculated assuming J, =2.4 Hz and J,= 11.9 Hz.

at ¢ = 78.3, were introduced by means of SCRF methods based
on PCM [17]. The relaxed potential energy surface (PES) scans
of MDMA were carried out at 10° intervals along the torsional
angles 6 and 6,. 03 was not scanned because the NMR results
showed free rotation around this torsional angle. The 6, and 6,
values were increased for anticlockwise rotation from the
standard position as in Fig. 1 (6, =0°, 6, = —180°, respec-
tively). The runs were also carried out on protonated MDMA
and in the presence of its counterions chloride and trifluor-
oacetate.

3. Results and discussion
3.1. NMR conformational analysis

In order to explore the time-averaged conformer distribution
of MDMA, we used the vicinal proton coupling constants (*J)
determined from the 'H NMR spectra. The coupling constants
were correlated with the 6, torsion angle around the central C8—
C9 bond, based on the Karplus equation [18], where the relative
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Fig. 2. ORTEP3 view of MDMA hydrochloride monohydrate showing the
atom-labelling scheme. Displacement ellipsoids drawn at 50% probability. H
atoms are represented by circles of arbitrary size.

populations of these rotamers are given by a, b and c,
respectively: [19]

_ [JAC _Jg]
e
BC —JB
TN
o= [(J: +J¢) — (Jac — JBc)]
[(J: — Jg)]

All calculations included J, and J; terms for the coupling
constants of perfectly gauche and trans vicinal protons [20]
where J5c and Jpc correspond to the coupling constants between
Ha, Hc and Hg, Hc protons, respectively (see Fig. 3). These *J
values represent time-averaged conformations and may be
regarded as the weighted means of the mixtures of the most stable
rotamers, approximated by the perfectly staggered conforma-
tions (A, S; and S,; see Fig. 3) around the C8-C9 bond.

The populations of the three hypothetical completely
staggered rotamers around the C8—C9 bond can be estimated
from the apparent *J"™ coupling constants of the side chain
hydrogen nuclei if appropriate parameters are chosen to
represent the coupling constants of perfectly trans and gauche
protons (J; and J,, respectively). The uncertainties attached to
this method have been discussed by Makriyannis and Kanittel
working with related compounds [21]. In early publications on
amphetamine derivatives, J,=12.0 Hz and J, =2.0 Hz were

0“’\ 0"’\ 0“’\
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Hg Ha Hg Ha Hg Ha
NHCH;3 CH;, He
A Sy Sz
6, =90° 8, = 90° 8, = 90°
8, =-180° 8, = -60° 8, = 60°

Fig. 3. The three idealized completely staggered rotamers of MDMA around
the C8-C9 bond.



used for samples dissolved in CDCl; [19] and J, = 13.0 Hz and
J; = 2.0 Hz were used for aqueous solutions [22]. Makriyannis
and Knittel [21] preferred a combination of values calculated
for a conformationally rigid model compound (/,=11.0 Hz
and Jy=3.5Hz), using Abraham and Gatti’s empirical
relationship [23] between vicinal proton coupling constants
and the electronegativities of substituents on C8 and C9 of
ethane (J, = 13.11 Hz and J, = 3.63 Hz). In the latter case, the
Huggins electronegativities [24] of carbon and nitrogen
(xC =2.60 and xN = 3.05), based on average bond energies,
were used.

It is generally acknowledged that the electronegativity of
carbon atoms varies in the sequence sp > sp> > sp’, and values
such as Xpemy1 = 2.3 and Xppeny1 = 3.0 have been estimated [25].
Similarly, protonation of a nitrogen atom raises its electro-
negativity from X,mino = 3.35 t0 Xammonio = 3.8. Recalculation
of J; and J, for phenethylamine, using the above electro-
negativities for phenyl carbon and amino nitrogen, gives 12.48
and 2.97 Hz, respectively. Protonation of the amino group
would be expected to alter these values to 12.09 and 2.55 Hz.

Furthermore, in amphetamine derivatives, the carbon atom
bearing the amino (or ammonio) substituent carries a methyl
group which might also affect J, and J,. As noted by Abraham
and Gatti [23], vicinal proton coupling constants generally
decrease with increasing electronegativity of the substituents. If
ahydrogen atom on C8 or C9 is replaced by a methyl group, and
the effect of a third substituent on the ethane moiety is assumed
to be additive, the sum of the electronegativities may be
expected to increase by about 0.2, with J; and J, decreasing by
about 0.18 and 0.19 Hz, respectively. This line of reasoning
leads to our choosing J; = 12.3 Hz and J, = 2.8 Hz for the free
bases and J,=11.9 Hz and J, = 2.4 Hz for the salts in a low-
polarity medium like CDCIl;. Finally, vicinal coupling
constants vary with the dielectric constant ¢ of the medium,
with J; decreasing and J, increasing slightly with increasing
values of & [23]. Thus, following these authors, more
appropriate parameters for aqueous solutions of salts of
amphetamine derivatives might be J,=11.7Hz and
Js =2.6 Hz. The relevant '"H NMR data and the conformer
distributions of MDMA free base and its salts in CDCl; and in
D,0, calculated using the J values proposed by us, are
summarized in Table 1.

In CDCl;, the “extended’ A rotamer of the free bases of N-
unmethylated, ring-substituted amphetamine derivatives
clearly predominates (mole fraction 0.62-0.67) [19], and the
situation for the MDMA free base appears to be similar when
using the same J,, and J; values (0.49). Makriyannis and Knittel
found mole fractions of 0.61 and 0.27 for the “extended” and
“folded”” forms of amphetamine free base in CDCl3 [26]. These
results are in fairly good agreement with our results for MDMA
using their J terms (0.46 and 0.38, respectively). With the
parameters calculated by us for free amines, we obtain mole
fractions of 0.44 and 0.37 for rotamers A and S, suggesting that
the preference for the “extended” form might not be so great.
The “folded” conformer S, presents both the amine nitrogen
and the C10 methyl group in gauche arrangements with regard
to the benzene ring, and is thus the least favored.

According to Neville et al. [22], in aqueous solution the
“extended” conformation of amphetamine derivatives, with an
anti relationship between the aromatic ring and the amino
group is only slightly preferred (mole fractions 0.47-0.55) over
the “folded” one with a syn relationship between these
moieties (0.36-0.45). Benzphetamine hydrochloride is an
exception, with a ratio of 0.64-0.35, presumably due to the
large volume of the N-benzyl substituent. Using the Neville
et al. values for J; and J, our results for MDMA hydrochloride
were intermediate between these values (0.53 for rotamer A vs.
0.40 for rotamer S;), as expected for an N-methylated
derivative. The parameters suggested by Makriyannis and
Khnittel (J; = 11.0 Hz, J, = 3.5 Hz) give mole fractions of 0.58
and 0.39 for the most favored rotamers [21,26] which differ
significantly from the practically identical contributions found
by these authors for both forms of N-unmethylated ampheta-
mine hydrochloride and its 4-methoxy- and 3,4,5-trimethoxy
derivatives in D,O. Increasing both parameters to the values
calculated by Makriyannis and Knittel [21], using Abraham and
Gatti’s equations [16,23] (J, = 13.11 Hz, J, = 3.63 Hz) leads to
the prediction of practically equal populations (0.29 and 0.26)
for the two less favored completely staggered rotamers, which
is counterintuitive. With our choice of J,=11.7Hz and
Js=2.6 Hz, we have calculated mole fractions of 0.58 and
0.42 for the preferred rotamers (and O for the least favored one).
Thus, in aqueous solution, protonated MDMA should exist
mainly as the “extended” conformer A, although the
contribution of the “folded” form S; is by no means negligible,
while rotamer S, is practically absent, unlike the situation
found for the free base in CDCl; where these less favored
conformers may contribute significantly to the equilibrium
mixture. An increased preference for the rotamer with a trans
relationship between the benzene ring and the nitrogen atom
seems reasonable, considering that in aqueous solution the
ammonium function should be strongly hydrated, and that its
effective volume should thus be much greater than that of the
naked amino group in CDCl; [27].

Amine drug molecules are believed to interact with
biological macromolecules as protonated ammonium ions,
rather than as uncharged free bases. Also, low-polarity solvents
presumably mimic the internal milieu of protein molecules
better than water. Therefore, studies of salts of phenethylamine
derivatives in solvents with low dielectric constants are
probably much more relevant to their pharmacological
activities than measurements carried out on free bases or on
aqueous salt solutions. The first experimental studies con-
sidering these aspects seem to be those of Makriyannis and
Knittel, who analyzed the "H NMR spectra of the hydro-
chlorides of amphetamine and 1-phenyl-2-butanamine analo-
gues in CDCl; [21,26] Their results were interpreted to indicate
that “extended” rotamers predominate more strongly in this
solvent than in D,O, with typical mole fractions of 0.76-0.77
vs. 0.21-0.23 for the more stable ““folded” conformer and
0.01-0.03 for the least stable one. Using these authors’ values,
we obtained good correlations. On the other hand, incorporat-
ing the corrections suggested by Abraham and Gatti [23], we
arrived at the absurd prediction that the S, conformation is



preferred over the S;. With our calculated figures of
J;=11.9 Hz and J, = 2.4 Hz, we find that 82% of the molecules
are in the “‘extended” conformation, as expected if protonated
MDMA and its fairly large trifluoroacetate counterion form
tight ion pairs in CDCl;. The S, conformation is negligible.

In summary, the distribution of conformers obtained from
the measured coupling constants for MDMA in its free base
form, dissolved in CDClj, shows a slight preference for the
“extended” rotamer A. In that conformation the phenyl group
is anti to the methylamino group and syn to the methyl group
bonded to the methine carbon. This conformer distribution
shows a somewhat smaller population of S; and an even smaller
S, population, in which both the N-CHj; group and the o-methyl
group are gauche with regard to the benzene ring. When
MDMA trifluoroacetate is dissolved in CDClj, it seems to exist
almost exclusively in the “extended” form A. In aqueous
solution, protonated MDMA exists mainly as the “‘extended”
conformer A, although the contribution from the “folded” or
syn form S; is also quite considerable, while rotamer S, is
practically absent, as found for the trifluoroacetate in CDCl;.
An increased preference for rotamer A with a frans relationship
between the benzene ring and the nitrogen atom seems
reasonable for the hydrochloride, considering that in aqueous
solution the ammonium function should be strongly hydrated,
and that its effective volume should thus be much greater than
that of the naked amino group in CDCl; [27].

These results are in agreement with the published value for
the torsion angle of the a-methyl group C10 and the phenyl ring
of —66.4(3)° in the anhydrous MDMA hydrochloride crystal
[11]. The introduction of an N-methyl substituent clearly
affects the rotational energy profile of phenethylamines since it
is known that compounds such as DOET (2,5-dimethoxy-4-
ethylamphetamine), and TMA (2,4,5-trimethoxyampheta-
mine) have torsion angles of 178° [24] and 170° [25],
respectively.

3.2. Quantum-chemical studies

3.2.1. Rotational barriers of MDMA

Potential energy profiles for the internal rotation of the 9,
and 6, bonds of MDMA are shown in Figs. 4 and 5. 3D PES
Scan and contour plot is show in Fig. 6, and for its N-protonated
form in Figs. 7 and 8, respectively.

3.2.2. C4-C8 bond

Rotation about the C4-C8 bond in the neutral molecule
(optimizing the torsion angle 6, throughout this rotation, see
Fig. 4) showed that the conformation with a dihedral angle 6, of
approximately 70° represents a global minimum on the RHF/6-
31G(d,p), B3LYP/6-31G(d,p), and B3LYP/cc-pVDZ rotational
potential energy surfaces (PES). A second local minimum is
0.23 kcal mol ! (at RHF/6-31G(d,p) level), and 0.17 kcal
mol ™! higher in energy corresponding to a 6, value of 260° at
the same levels of calculation (B3LYP/6-31G(d,p) and B3LYP/
cc-pVDZ). This almost trans (antiperiplanar) relationship is in
agreement with the NMR results and the monohydrated crystal
structure.
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Fig. 4. Conformational energy of neutral MDMA as a function of rotation of 6,
optimizing 6,, at the RHF/6-31G(d,p), B3LYP/6-31G(d,p) and B3LYP/cc-
pVDZ levels.

3.2.3. C8-C9 bond

Fig. 5 shows the relative rotational energy around 6, (for a
fixed 6, value of 70° obtained from the relaxed PES scan
described above at the same levels of calculation). The internal
rotational energy profile determines the most stable rotamers in
MDMA, according to Fig. 3. The curve shows three local
minima, two of them corresponding to two ‘‘folded”
conformations, with dihedral angles 6, ~ —60° (resembling
Sy) and 6, = —60° (resembling S,). With the exception of
B3LYP/cc-pVDZ, we found an “extended” conformation
(resembling form A) to be the global minimum and S;-like and
S,-like conformers to be local minima on the rotational
potential energy surface (PES). The energy difference between
the minima and the height of the rotational barrier depends on
the basis set used. The 6-31G(d,p) and cc-pVDZ basis sets give
rather small relative energy differences between A and S;-like
conformers (0, 0.05, 0.24 kcal mol~! with B3LYP/cc-pVDZ,
B3LYP/6-31G(d,p) and RHF/6-31G(d,p), respectively) and S,-
like conformers (0.16,1.17,1.87 kcal mol~! with B3LYP/cc-
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Fig. 5. Conformational energy of neutral MDMA as a function of 6, with 6,
fixed at 70° (obtained from relaxed PES scan) at the RHF/6-31G(d,p), B3LYP/
6-31G(d,p) and B3LYP/cc-pVDZ levels.
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Fig. 6. The MDMA torsional potential energy surface (a) the 3D-mesh plot, (b)
the iso-value contour plot for MDMA.

pVDZ, B3LYP/6-31G(d,p) and RHF/6-31G(d,p), respectively).
The rotational PES found with AM1 shows the same trend but
the three local minima are separated by very low rotational
barriers (data not shown). The S;-like conformers should
therefore be quite densely populated and in rapid equilibrium
with each other. The internal rotational barrier of the S,-like
conformer, on the contrary, suggests a much lower abundance
than those of the other two conformers, in good agreement with
the calculated conformer population.

3.2.4. Three-dimensional potential surfaces

The potential surface scan for the internal rotation of both
the C5-C4-C8—C9 moiety and C4-C8-C9-N fragment
denoted by 6, and 6, about the C—C single bonds was obtained
by allowing the dihedral angle (6;) to increase in 10° steps from
0° to 360° at a constant N-C9-C8-C5 dihedral angle (6,). Full
energy optimisations were repeated for each value of 6, every
10° from 0° to 360° at the B3LYP/6-31G(d,p) level. This gave
rise to a total of 1369 data points that were enough to depict the
3D surface scan and contour plot as shown in Fig. 6. From this
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Fig. 7. Conformational energy of N-protonated MDMA as a function of
rotation angle 6, in vacuo at the RHF/6-31G(d,p) level.

Figure, the B3LYP/6-31G(d,p) scan shows that there are three
minima for MDMA, namely S-like (6; = 70°; 6, = —70°); S,-
like (6, = 110°; 6, =70°); and A-like (6, = 70°; 6, = —180°),
with the latter being the lowest energy conformer. It was clear
from the scan that the conformers with values of 6; = 0°;
6, =120° and 6; = 180°; 6, = 120° are maxima. These results
strengthen our finding that 6, is in fact ~70°.

The PES Scan in Fig. 4 shows that there is a second
minimum ~0.2 kcal mol ' higher in energy at 6, = 270°,
differing from the former one as a result of the chirality of the
molecule. Nevertheless, this value is well within kT at room
temperature (~0.6 kcal*mol ™ !). This conformer is shown in
the 3D PES Scan Fig. 6, but again the three most stable
conformers are almost symmetrical to the other three, so this
point is not discussed further.

3.2.5. Rotational barriers of protonated MDMA in vacuum
and in polar media

The potential energy profile at the HF/6-31G(d,p) level of
the conjugate acid of MDMA, neglecting medium effects and
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Fig. 8. Conformational energy of N-protonated MDMA with CI™ as counterion

as a function of rotation angle 6, (6, optimized at 70°) at the RHF/6-31G(d,p)/
PCM level (¢ =78.3).



any influence of the counterion, is shown in Fig. 7. Large
differences with respect to the neutral molecule are observed.
The conformational energies found by rotation around 6, (with
a fixed 09; value of 70°, PES scan results not shown) suggest that
both “folded” conformations are more stable than the
“extended” rotamer A, and that S; corresponds to the favored
overall minimum. These results are in complete disagreement
with the conformer distribution obtained from the experimental
data (see Table 1). It may be mentioned that a similar apparent
failure of the semiempirical AM1 methodology to account for
the relative abundance of the conformers of N-protonated
dopamine in polar media has been reported [27].

To account for the influence of the counterion on the internal
rotation of the system, the chloride ion was then incorporated in
our calculations in vacuo, but the results remained unchanged.
Thus, we decided to include solvent polarity effects to study the
conformer distribution, assuming ¢ = 78.3. PCM calculations at
the HF/6-31G(d,p) level carried out for different values of the
N-H(CI) and (N)H-CI distances (i.e. N-H(Cl)=1.15 A and
(N)H-Cl = 2.0 A were the best initial values) for the most
important conformers (6, =~ 70° and 6, ~ —180°) gave the
relative internal rotation energy of 6, at a fixed 6; = 70° as
shown in Fig. 8. These results, showing that the anti rotamer A
is the most stable one, are now in agreement with the
experimental data. The Mulliken net atomic population was
recorded to account for the relative ionic character of the
system in the polar solvent, all three rotamers showing a charge
of —0.98 a.u. on the chlorine atom, which means that a tight
MDMAH*CI™ ion pair is being described.

The trifluoroacetic acid (TFA)-MDMA system was studied
in vacuo to model the dilute solution in CDCl; used in the NMR
experiments. The results revealed the same behaviour found for
MDMA-HCI, i.e., an absolute minimum near 6; ~ 60°,
contrary to that indicated by experiment. The optimal N-
H(TFA) distance was found to be 1.94 A and the H-O(TFA)
distance was 0.99 A obtained by AMI1 [28], while the
corresponding values calculated by PM3 [29] were 1.78 A
and 0.98 A, respectively, indicating that the nitrogen atom is not
protonated, and that this system is therefore not an ion pair.

A thorough study of the conformational space of phenethy-
lamine and its conjugate acid in vacuo, using SCF ab initio and
semiempirical methodologies, indicated that the neighboring
preferred rotamers — regardless of the method used — differ in
energy by no more than 4 kcal mol ' [30]. Furthermore, the
lowest energy path connecting these minima crosses saddle
points which, in the worst cases (given by CNDO and INDO
calculations), lie about 7 kcal mol ™! above a local minimum. In
this work EHT (Extended Hiickel Theory) calculations
indicated energy barriers barely exceeding 4 kcal mol~'. The
unsubstituted phenethylamine and its protonated form, there-
fore, appear to be very mobile molecules in which the amine
side chain oscillates around a plane perpendicular to the ring
plane and where there is some preference for the rotamer with a
trans relationship between the aromatic ring and the amine
nitrogen atom. The less hindered gauche conformation,
however, contributes significantly to the equilibrium mixture
although it is able to interconvert quite freely with the dominant

trans form. This situation seems to be fairly general, regardless
of the presence of substituents on the benzene ring or
replacement of this moiety by an aromatic heterocycle, and
even hydroxyl groups on the side chain carbon atom CS8.

The methods used in this paper do not describe dispersion,
and it is now known that this can lead to distorted energy
profiles for flexible molecules containing an aromatic ring [31]
Although we do not have any indication on the relative
importance of dispersion for the MDMA molecule, it seems
unlikely that this effect is of similar magnitude to that observed
for the ““book” conformation of glycyltyrosine, as in our case
the size of the substituent that can approach the aromatic ring is
much less.

3.3. Crystallographic results

MDMA hydrochloride is known to crystallize in several
hydrated forms, depending on how it is prepared, but none of
these seem to have been fully characterized [1]. The melting
characteristics of the tabular crystals obtained from MDMA
hydrochloride mother liquors indicated that they might
correspond to a hydrate. This was confirmed by the crystal
structure of this material (M2, Table 2, Fig. 2) which, compared
with the published data for anhydrous MDMA hydrochloride
(M1) [11], showed that they differ in the following aspects: (a)
the cell volume of M2 is larger than that of M1, in order to
accommodate the water molecule; (b) they crystallize in

Table 2
Crystal data for MDMA hydrochloride monohydrate

Chemical formula C;1H4NO,-C1-H,O

Formula weight 247.71
Temperature (K) 120(2)
Wavelength (A) 0.71073
Crystal system Monoclinic

Space group P2/n

Unit cell dimensions (A) a="17.2437(2), b =20.8029(4)

c=9.1747(2), p=108.225(1)

Volume 1313.18(5)

V4 4

Deae(Mg/m?) 1.253
Absorption coefficient (mm™Y) 0.284

FOO00) 528

Crystal habit Plate

Colour Colourless
Crystal size (mm) 0.15, 0.11, 0.09

f-range for data collection
Index range
Reflections collected

Omin = 3.12 Opax = 25.00
h=0—8,k=0—24,/=-10—+10
4294 reflections; 2293 independent;
1> 20(I) 1932

99.2%

Full-matrix least squares

Completeness to 6 = 25°
Refinement method

Data/parameters 2293/227 (including H’s)
Rsigma 0.0259
Rint 0.0162

Goodness of fit on F>

Final R indices [I > 20(1)]

R indices all data

Largest difference peak
and hole (e/&’3)

R, =0.0394, wR, = 0.1097
R, =0.0457, wR, = 0.1168
Apumin = —0.237 Apmax = 0.186
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Fig. 9. Comparison of the structures of M1 and M2.
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Fig. 10. Representation of the hydrogen bonding network of M2.

different crystal systems and space groups: orthorhombic Pca2,
and monoclinic P2,/n, for M1 and M2 respectively; (c) the
conformations of M1 and M2, shown compared in Fig. 9, are
essentially defined by the torsion angles around C4—C8, C8-C9,
C9-N, the main difference occurring around the C9-N bond, with
the N-methyl group trans to the ¢-methyl in M1 and gauche in M2
(see Table 3); (d) according to Morimoto et al. [11] in the crystal
packing of the anhydrous polymorph the molecules are held
together by two H-bonds involving the protonated secondary
amine N and Cl1. In their structure, the distances from the
chloride ion to the N atom of adjacent MDMA molecules are
3.137(2) A and 3.089 A. In M2, however, the molecules are held
together via four H-bonds. One of these links Cl1 to N, two link
Cl1 to water and one links N to water, as shown in Fig. 10 and
Table 4. The M2 crystal structure is in good agreement with the
trans rotamer obtained using ab initio calculations.

Table 3
Torsion angles of MDMA-HCI

Dihedral angle Anhydrous (°) Hydrate (°)

C11-N1-C9-C10 ~170.0(2) 55.5(2)
C11-N1-C9-C8 65.9(3) 179.9(2)
C4-C8-C9-N1 172.5(2) 163.5(1)
C5-C4-C8-C9 —70.1(3) —80.9(1)

3.4. Biological relevance

Mescaline-like activity has been reported in animals for
conformationally restricted hallucinogenic phenethylamine
analogues with a trans- (but not cis-) 2-arylcyclopropylamine
structure [22,32] These results are consistent with the
hypothesis that phenylalkylamine hallucinogens interact with
their receptors in an extended conformation. On the other hand,
the more rigid 2-aminoindan and 2-aminotetralin analogs of the

Table 4
Possible hydrogen bonds of MDMA hydrochloride monohydrate (all distances
are in A and angles in °)

Donor-H Donor—Acceptor H-Acceptor DonorH-Acceptor
OIW-HIW O1W-CI (0) HIW-CI (0) O1W-HIW-CI (0)
0.951(1) 3.121(1) 2.174(0) 172.98(0.10)
N-HIA N-CI (0) H1A-CI (0) N-H1A-Cl (0)
0.900(1) 3.107(2) 2.248(1) 159.53(0.10)
O1W-H2W O1W-CI9 (1) H2W-CI (1) O1W-H2W-CI (1)
0.924(2) 3.114(2) 2.189(1) 178.58(9)

N-HIB N-O1W (2) HI1B-O1W (2) N-HIB-O1W (2)
0.900(2) 2.766(2) 1.873(2) 171.25(10)

Equivalent positions: (0) x, y, z; (1) x — 1/2, =y — 1/2, +z — 1/2; 2) x + 1, 4y,
+Z.



hallucinogen 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopro-
pane (DOM, STP), which also mimic trans conformations, do
not elicit hallucinogen-like effects in rat conditioned avoidance
studies [33] It seems reasonable to assume that they are unable
to interact effectively with the appropriate receptor(s) due,
precisely, to their rigidity, perhaps because they cannot mimic
the preferred perpendicular orientation of the C8—C9 bond with
regard to the benzene ring. However, these rigid molecules fully
substitute for MDMA in animal experiments [32], suggesting
that MDMA-like activity may be associated with trans
conformations of the aminoethyl side chain. Interestingly,
the rigid analogs with MDMA-like activity are also methy-
lenedioxy-substituted in positions that are congruent with the
substitution pattern of MDMA itself, which might be crucial for
its characteristic effects.

It could be postulated that the non-hallucinogenic ami-
noindan and aminotetralin analogs are unable to adopt more
compact structures as a prerequisite for them to reach their
binding site(s), which are believed to be embedded in the seven
transmembrane helix bundle of 5-HT, serotonin receptors
[34,35]. In contrast, the MDMA-like activity of its aminoindan
and aminotetralin analogs might indicate that the biological
targets involved, i.e. monoamine transporters, are able to bind
effectively to “extended” conformers, not requiring the
adoption of ‘“folded” conformations en route from the
extracellular space.

In our view, lacking highly reliable models of G-protein-
coupled receptors and monoamine transporters, the most useful
approach to test this hypothesis is the experimental study of the
microdynamics of drug molecules supplemented by quantum-
mechanical calculations of the energy barriers associated with
conformational change, modelling the presence of a polarizable
medium and introducing appropriate mimics (i.e. carboxylate
ions, hydrogen bond donors or acceptors, etc.) of receptor
binding site functionalities when these are known.

In the case of entactogens like MDMA, not only is there
considerable uncertainty regarding their more relevant site(s) of
action, but also knowledge of the structure of some of the
candidate sites (e.g. the serotonin transporter) is far too
incomplete for molecular modelling analyses to be possible at
this time. Nevertheless, our results are in agreement with the
hypothesis that MDMA and pharmacologically similar sub-
stances act predominantly at different macromolecular targets
from those involved in the characteristic actions of the
structurally related hallucinogens.

4. Conclusions

a-Methyl substitution modifies the relative stabilities of
phenethylamine conformers. Upon o-methylation, rotation
around the side chain C8-C9 bond is restricted and the
“extended” rotamer A becomes more dominant. This effect is
accentuated in CDCl3, which may better mimic the interior of a
protein molecule, relative to D,O [21]. Nevertheless, the
contribution of less favored conformations is not negligible,
suggesting that the different rotamers of these molecules are
still able to interconvert quite easily. Methylation of the amine

nitrogen atom could be expected to further restrict the mobility
of the side chain, as has been shown by an analysis of "H NMR
chemical shifts for the amphetamine—methamphetamine pair
[22]. However, our results indicate that the preferred
“extended” (A) and the less unstable gauche rotamer (S;)
should be in rapid equilibrium in aqueous and in nonpolar
media.
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