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Figure 1. Structure of (R)-cocaine and the ph
Aryl substituted tropanes and their 2,3-ene analogs are highly selective inhibitors of monoamine uptake.
The solution structures of a series of aryl tropanes were determined using NMR spectroscopy and molec-
ular modeling to identify conformational preferences that may determine the overall activity. The major-
ity of these analogs undergo nitrogen inversion, and the rate of interconversion between the axial and
equatorial N-methyl conformers is fast on the NMR timescale at room temperature but slow between
217 and 243 K allowing us to determine the thermodynamic parameters of interconversion using
dynamic and magnetization transfer NMR. The biological activities correlate strongly with the nature
and the orientation of the aryl group. The relative orientation of the N-methyl further modulates the
activity by directly influencing the ligand interaction in the protein binding pocket and/or by forcing a
favorable orientation for the aryl substituent to fit in the binding pocket.

Published by Elsevier Ltd.
1. Introduction

Monoamine transporters (MAT) play a crucial role in the forma-
tion of cocaine abuse and other neurological disorders rendering
them as targets for therapeutic intervention.1–3 Three-dimensional
structures of monoamine transporters are currently unknown.
Among the various classes of potential pharmacological agents
phenyl tropanes (Fig. 1) are probably the largest and most studied
series of cocaine analogs. Pharmacologically, phenyltropanes are
similar to cocaine (Fig. 1),4 and are commonly used as radioligands
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: +1 319 335 2291.
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enyl tropane analogs.
in binding studies. The SAR data on this class of compounds are
extensive and the subject of numerous reviews.5

The unsubstituted phenyl tropane (R1 = R2 = H, R3 = COOMe,
R4 = Me,) was 4.4 times more potent than cocaine which was
attributed to the reduced interatomic distance between the nitro-
gen N8 and the centroid of the aromatic ring as compared to
cocaine.6,7 Substituents on the aromatic ring modify the selectivity
for individual transporters, dopamine (DAT) or serotonin (SERT);
the isopropyl analog displayed 5-fold selectivity for the SERT over
the DAT.6,7 The 30,40-disubstituted phenyl tropanes contained some
of the most potent analogs (R1 = Cl, Me, R2 = Cl).7–9 The role of a
phenyl group was further probed by extending to compounds con-
taining two aromatic rings linked by a variable number of carbon
atoms (Fig. 2).10 Compounds consisting of a two carbon linker were
the most potent (3–5 nM) and selective for DAT. Increasing the
Figure 2. General formula for 40-substituted 3b-phenyltropane analogs. Two
phenyl rings are connected via an aliphatic spacer with variable lengths.
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number of carbons led to a loss of activity. These results suggest
that a remote binding site exists in the DAT binding domains,
which extends out approximately two carbons from the tropane
3b-phenyl ring. This space is limited and apparently ends abruptly
as evidenced by the significant loss of binding affinity in those
compounds which possess one and two additional methylene
groups.

A recent molecular field analysis (MFA) examined the effect of
ligand conformation, and the results again support the role of the
aryl group in determining the biological activity of monoamine
transporters.11 The conformational preferences of the ligands
may also further modulate the biological activities, as recently re-
ported for morphine alkaloids by Belostotskii et al.12

The orientation of the electron lone pair of N8 also plays a cru-
cial role in determining the bioactivity of the aryl tropanes. Smith
et al. demonstrated recently that axial and equatorial orientations
of the lone pair, relative to the piperidine ring, offered high affinity
and selectivity toward DAT and SERT, respectively, using rigid tri-
cyclic phenyl tropane analogs.13 However, in flexible and semi-ri-
gid aryl tropanes, the orientation of the electron lone pair is not
known, and must be determined in order to make reliable correla-
tions. The orientation of the N-methyl determines the positioning
of electron lone pair and vice versa; therefore, characterization of
the N-methyl orientation will reveal the orientation of the electron
lone pair by default. The orientation of the N-methyl group in aryl
tropanes has been studied by X-ray crystallography, NMR, and the-
oretical studies.14–18 Whereas the X-ray crystallographic and com-
putational studies support a preference for the equatorial
orientation, NMR studies on a number of tropane analogs reveal
the presence of both equatorial and axial forms; the relative popu-
lation and the equilibrium constants for the interconversion de-
pend on the nature of the ligand, temperature, and solution
conditions.19–22

Recently, we reported the syntheses and biological activities of
a number of semi-rigid 3-aryl-8-methyl-8-azabicyclo[3.2.1]oct-2-
enes (3-aryltropanes) without the 2-subsitutents.23 The ligands
with 2,3-double bond were active and selective toward human
SERT (hSERT) over human DAT (hDAT) and human NET (hNET),
respectively. These ligands were designed with the aim to deter-
mine the nature of the aromatic binding pocket of the transporter
proteins and to determine the correlation between the orientation
of the N-methyl group and the biological activity. Herein, we report
their solution conformations, the thermodynamics of nitrogen
inversion (equatorial-to-axial N-methyl) and the correlation of
Figure 3. Structures and the numbering scheme of the 3-aryl-substituted 8
structural and thermodynamic parameters with the bioactivity.
The activation energy barrier or other thermodynamic parameters
for the nitrogen inversion in the 2,3-unsaturated 3-aryltropane
series have not been determined experimentally and the effect of
3-aryl substituent on the N-methyl equilibrium is mostly un-
known. Furthermore, the measurement of thermodynamic param-
eters of nitrogen inversion for similar compounds may lead to new
thermodynamics-activity relationships or spectroscopy-derived
activity relationships.

2. Results and discussion

Figure 3 shows the structures of 3-aryltropanes that were
investigated in this study. These compounds are broadly divided
into two categories distinguished by the presence of either C2–
C3 double bond or the C3–OH. Tables 1 and 2 list the 1H and
13C chemical shifts, whereas Figure 4 shows a representative
NOE cross-section for 8. The NOEs observed between the aro-
matic (H10 and H30) and the tropane H2 proton (Fig. 4) demon-
strate that they are close in space and are sensitive to changes in
the relative orientation of the aryl group with respect to the tro-
pane skeleton.

2.1. Dynamic NMR

In order to determine whether multiple conformations are pres-
ent due to nitrogen inversion (Fig. 5) and/or due to restricted rota-
tion of the C–C single bond connecting the tropane and the aryl
group, 1H and 13C NMR spectra were collected over a temperature
range of 217–300 K. Alkene derivatives were found to show reso-
nance doubling at low temperatures both in 1H and 13C spectra.
The resonance doubling was absent for 3-OH derivatives in the en-
tire temperature range indicating either there was no conforma-
tional mixture or the rate of interconversion was faster than the
NMR time scale.

Only a single set of NMR signals was detected for the semi-rigid
3-aryl tropanes 1, 4, 6, 8, 9, and 10 at room temperature due to a
fast interconversion between the two orientations of the N-methyl
group. However, at temperatures below 243 K, 1H resonance dou-
bling occurred for the methyl, alkene and H4ax protons as a result
of two coexisting structural forms. Figure 6 shows temperature-
dependent 1H NMR spectra and their respective NOE cross-sections
for 8. The exchange rate between conformations is slow on the
NMR time scale under these conditions.
-methyl-8-azabicyclo[3.2.1]octanes (3-aryltropanes) used in this study.



Table 1
Proton chemical shifts (ppm) for compounds 1–9

Proton Compound

1 2 3 4 5 6 6a 7 8 9

H1 3.47 3.20 3.14 3.40 3.14 3.42 4.72 3.27 3.43 3.51
H2 6.33 1.46, 2.21 1.25, 2.11 6.12 1.80, 2.47 5.77 5.88 1.85, 2.49 6.43 6.37
H4 2.09, 2.96 1.02, 2.02 1.25, 2.11 0.76, 1.86 1.80, 2.47 1.49, 2.42 2.13, 2.79 1.85, 2.49 2.11, 2.96 2.03, 2.90
H5 3.47 3.12 3.14 3.02 3.14 3.21 5.00 3.27 3.43 3.40
H6 1.95, 2.15 1.28, 2.02 1.88, 1.95 1.96, 2.05 1.86, 2.02 1.86, 2.05 2.25, 2.40 2.05, 2.25 1.72, 2.12 1.68, 2.17
H7 1.65, 2.15 1.20, 2.02 1.88, 1.95 1.35, 2.05 1.86, 2.02 1.28, 2.05 1.74, 2.44 2.05, 2.25 1.64, 2.22 1.97, 2.17
N-Me 2.45 2.12 2.08 2.40 2.29 2.42 3.46 2.36 2.43 2.48
H10 7.58 7.94 — 7.48 — — — — — —
H20 — — 7.34 7.30 — — — 7.76 — 7.12
H30 7.42 7.47 7.25 7.39 7.52 7.24 7.18 — 7.58 —
H40 7.72–7.76 7.56 7.69 7.76 7.30 7.30 7.41–7.45 7.53 7.37 7.92
H50 7.67 7.69 7.76 7.18 7.36 7.37 7.34 7.15
H60 7.37 7.32 7.34 7.30 7.02 7.30 7.35 7.44 7.37 7.18
H70 7.29 7.26 7.25 7.39 — — — — — 7.37
H80 7.54 7.67 7.74 7.48 — — — — — —
H90 3.89 3.97 4.00 4.45 — — — — — —
H200 — — — — 7.37 7.36 7.28 7.60 7.58 —
H300 — — — — 7.37 7.36 7.41–7.45 7.41 7.43–7.44 —
H400 — — — — 7.30 7.30 7.33 —
H500 — — — — 7.37 7.36 7.41 —
H600 — — — — 7.37 7.36 7.28 7.60 7.58 —
H9 — — — — — — 5.46–6.02 — — —
N10 — — — — — — — — — 8.38

Table 2
13C chemical shifts (ppm) for compounds 1–9

Proton Compound

1 2 3 4 5 6 6a 7 8 9

1 59.87 59.07 59.16 59.19 60.88 59.24 66.47 61.01 59.36 59.30
2 126.51 42.65 42.65 128.62 46.13 129.32 124.45 45.55 127.42 125.12
3 140.85 73.03 73.18 73.17 75.13 136.57 145.15 72.97 132.40 127.45
4 34.11 42.15 42.65 28.85 46.13 34.80 37.57 45.55 33.07 34.24
5 58.25 58.94 59.16 56.90 60.88 57.89 67.30 61.01 57.53 57.96
6 33.80 29.64 29.19 34.70 25.38 33.57 32.39 25.54 33.67 33.75
7 30.23 29.18 29.19 29.70 25.38 29.09 27.90 25.54 29.83 29.75
N-Me 36.50 40.53 40.43 35.75 40.23 35.58 40.67 40.39 36.47 36.70
10 121.26 130.79 127.69 124.49 140.20 140.23 140.70 141.61 141.33
20 132.66 120.92 127.56 127.29 146.55 140.62 139.49 123.49 123.77 121.48
30 123.52 130.28 126.99 127.31 126.40 129.01 128.73 150.64 132.40 117.41
40 119.58 120.58 119.78 119.80 130.03 127.35 N/A 123.61 128.69 111.34
50 119.82 120.58 119.78 119.80 125.81 126.99 N/A 127.30 127.29 120.05
60 126.74 127.45 127.56 127.31 132.43 127.35 131.18 128.62 123.72 122.19
70 126.56 126.84 126.99 127.29 — — — — — 120.78
80 124.98 120.58 127.69 124.49 — — — — — —
90 37.33 56.88 56.88 55.89 — — — — — —
40a 140.85 140.80 142.40 141.79 — — — — — —
40b 141.49 141.13 142.40 141.81 — — — — — —
80a 143.42 144.51 144.94 145.51 — — — — — —
90a 143.42 147.29 144.94 146.17 — — — — — —
100 — — — — 144.44 140.69 141.38 141.31 141.70 —
200 — — — — 128.00 128.03 129.60 127.25 127.22 —
300 — — — — 129.13 129.10 N/A 128.62 128.72 —
400 — — — — 127.23 130.11 N/A 125.55 125.97 —
500 — — — — 129.13 129.10 N/A 128.62 128.72 —
600 — — — — 128.00 128.03 129.60 127.30 127.22 —
9 — — — — — — 66.91 — — —
30a — — — — — — — — — 124.48
70a — — — — — — — — — 136.87
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The H2 signals of the major and minor forms coalesced at 243 K.
These changes were also accompanied by resonance broadening
and a change in integrated intensities. Similar results were also
observed for H4ax. On the other hand, the chemical shift and reso-
nance broadening effects are minimal for the N-methyl resonances.
The relative intensities changed with temperature, and the reso-
nance due to the minor form disappeared at 243 K for all the three
resonances. NOESY and ROESY data (not shown) confirmed the res-
onance assignments of the major and minor H4ax, alkene, and N-
methyl proton signals (Fig. 6D–F).

The assignments of the upfield resonances to axial-N-methyl
and the downfield resonance to equatorial-N-methyl protons
were based on c-shielding and b-deshielding effects, respectively
(Fig. 6C), and are in good agreement with published results.24

The observation of well-resolved resonances for the N-methyl
protons of the major and minor forms and a slower rate of



Figure 4. A NOESY cross-section of 8 showing the correlations of the H2 proton
with aromatic protons of the proximal benzene ring.

Figure 5. (A) Equatorial and (B) axial orientations of N-CH3 in semi-rigid 3-aryl
tropanes. kf and kb designate the forward and backward rate constants of the
interconversion between equatorial and axial conformers.
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interconversion in the NMR and dipolar relaxation time scales
render the measurement of thermodynamic parameters by inver-
sion magnetization transfer method feasible. The thermodynamic
Figure 6. Temperature-dependent 1H spectra of (A) H2, (B) H4ax, and (C) N–CH3 for 8. Tra
to H1 and H4eq, respectively. Corresponding exchange correlated peaks from NOESY exp
parameters for the interconversion between axial and equatorial
conformers are shown in Table 3. The activation energy barriers
vary significantly with the nature of the aryl groups. The analogs
with bulky fluorenyl groups revealed large activation energies
(29.5–36.7 kcal/mol). On the other hand, the activation energies
of the flexible biaryl and naphthyl groups fell in the range of
15.9–18.3 kcal/mol. The significant differences in the energy bar-
riers between the fluorenyl analogs and the biaryl derivatives
demonstrate that even a small structural change in one part of
the molecule can drastically alter the equilibrium dynamics in
another part of the molecule; though the main structural differ-
ence between 1 and 8 is the absence of a second rotatable bond,
the activation energy of the fluorenyl analog is twice (29.5 kcal/
mol) that of the biaryl derivative (16.7 kcal/mol). The indole ana-
log 9 displayed the lowest activation energy barrier (12.4 kcal/
mol), which might be attributed to its size. The enthalpy of acti-
vation (DH�), entropy of activation (DS�), and free energy of acti-
vation (DG�,300K) were also estimated by using the Eyring
equation and temperature-dependent rate constants. These ther-
modynamic parameters also reveal a trend similar to that of the
activation energy barriers; the highest enthalpy and entropy
changes were observed for 4 (36.4 kcal/mol, 112.6 cal/mol K),
where as the lowest was observed for 9 (12.0 kcal/mol,
�1.9 cal/mol K). In addition, the entropy of activation decreases
as the steric bulk decreases and the rotational flexibility in-
creases (95.3 cal/mol K for 4 to 9.72 cal/mol K for 9). The differ-
ence in the thermodynamic parameters of the forward and
backward reactions of a conformational equilibrium is also a
measure of conformational preference. The equatorial form is fa-
vored in all the molecules except 9. The extent of preference as
determined by the relative magnitude of the difference falls in
the order of 6 < 10 < 8 < 1 < 9 < 4 (Table 3).
ces: 1, 217 K; 2, 225 K; 3, 233 K; 4, 300 K. The J-splitting seen for H2 and H4ax is due
eriment recorded at 217 K are shown in insets D–F.



Table 3
Thermodynamic parameters of nitrogen inversion for compounds 1, 4, 6, 8, 9, and 10

Compound Reaction Parameters

Ea
a DHzNCH3

a DSzNCH3

b DGz;300K
NCH3

a DGz;243K
NCH3

a DHoa,c DSob,c Kd hDAT/hSERT hNET/hSERT

1 ax ? eq 29.5 29.0 76.8 6.0 10.4 2.0 5.5 0.45 52.2 232
eq ? ax 31.5 31.0 87.7 4.7 9.7

4 ax ? eq 33.6 33.2 95.3 4.6 10.0 3.2 8.7 0.20 13.6 120
eq ? ax 36.7 36.4 112.6 2.6 9.0

6 ax ? eq 17.0 16.6 19.9 10.6 11.7 0.3 1.5 0.45 5.4 3.8
eq ? ax 17.4 16.9 23.0 10.0 11.3

8 ax ? eq 16.7 16.2 21.0 9.9 11.1 1.6 4.6 0.40 10.8 34
eq ? ax 18.3 17.8 30.1 8.8 10.5

9 ax ? eq 15.1 14.6 9.72 11.7 12.3 �2.6 �5.8 1.20 8.3 54
eq ? ax 12.4 12.0 -1.9 12.6 12.4

10 ax ? eq 15.9 15.5 17.3 10.3 11.2 1.2 3.5 0.50 11.6e 94.4e

eq ? ax 17.1 16.6 24.2 9.4 10.8

a Expressed in kcal/mol.
b Expressed in cal/mol deg.
c For N–CH3 (standard deviation values are not shown).
d At 217 K.
e From Ref. 11.

Figure 7. (A) Families of superimposed structures of 1. Solution conformations of
compound 1 detected at 217 K, (B) and (C). Color scheme: C, white; O, red; N, blue;
H, not shown.
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Computational calculations and NMR studies of the intercon-
version between equatorial and axial conformers showed DG� val-
ues between 1.1 and 1.5 kcal/mol for nitrogen inversion in
cocaine and tropane analogs.25,26 An equatorial conformer was
found to be preferred in these studies. Earlier DNMR and NOE stud-
ies on the H2 resonance of 10 revealed different orientations of the
naphthyl group for the major and minor form and proposed the
conformational difference and the associated resonance doubling
was the result of different orientations of the naphthyl group.27

In the light of the new results that the major and minor forms orig-
inate from the N-methyl inversion, it is important to note that the
process of nitrogen inversion is not ‘silent’ but introduces other
structural changes such as favoring certain aryl orientations.

The free energy of activation (DG�,243K) at the coalescence tem-
perature was also determined from the N-methyl (Table 3), H2 and
H4ax resonances for 1, 6, and 8 by the method of Shanan-Atidi
et al.28 Similar magnitudes (�12.0 kcal/mol) of DHy;243K

H2
,

DHy;243K
H4

, and DGy;243K
NCH3

and the increasing trend of equilibrium
constants with temperature confirm that the origin of resonance
doubling in H2 and H4ax is also due to nitrogen inversion (Supple-
mentary Materials). The standard free enthalpy and standard free
entropy changes (Table 3) computed using the van’t Hoff equation
also revealed a similar trend as the temperature independent DH�.
Ratios of the two conformers at 217 K are very similar for 1, 6, 8,
and 10, and the corresponding free energies of activation were
found to be between 0.4 and 0.6 kcal/mol. Axial conformers make
40–50% of the total population in these molecules, a 5- to 10-fold
increase over that of unsubstituted tropane. Exceptions are 4
(DG� = 1.0 kcal/mol) and 9 (DG� = 0.1 kcal/mol); in 4, benzene rings
on either side of the plane of the tropane ring interfere directly
with the reorientation of the methyl group. A smaller pyrrole ring
in 9 has the opposite effect, and axial conformer becomes the major
form.

2.2. Three-dimensional solution structures of aryl tropane
analogs

The three-dimensional solution structures of the aryl tropanes
were derived from constrained molecular dynamic simulations
(MDS). The number of NOE distance constraints varied between
10 and 20, and each molecule contained at least a few constraints
determining the orientations of the aryl group with respect to the
tropane system. The family of structures shown for individual
compounds is within 2 kcal/mol of its lowest energy structure.
The NOE constraints are compatible with axial as well as equatorial
conformers for all the molecules except 6a. The presence of –CH2Cl
and the positive charge on the N8 shifted the equilibrium com-
pletely toward the axial form.

Compound 1 was found to exist in two families of substruc-
tures; the variation stems from the rotation around the sp2–sp2

bond (C2–C3–C20–C10-torsion angle) in combination with the N8
inversion. The average values of the torsional angles were found
to be 129� and 55� with the methylene bridge group pointing
above and below the plane of the tropane system, respectively.
Since the low temperature NOESY experiment was able to detect
the two conformations and allow for measurement of their inter-
proton distances, it was possible to estimate the actual solution
geometries 1B and 1C of compound 1 (Fig. 7). Rotation of the aryl
substituent was accompanied by re-orientation of the N-methyl
substituent from equatorial, relative to the piperidine ring, to axial.
Whether this is a concerted process or an equilibrium exists be-
tween all possible forms is unknown.

The solution structure of compound 2 is influenced by the con-
nection between two sp3-hybridized carbons, C3 and C90. The pres-
ence of the sp3 carbon results in the staggered arrangement around
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the sp3–sp3 single bond with the torsional angle being 171� so that
the aromatic ring is tipped slightly on one side (H10–H2eq distance
is longer than H80–H4eq, 2.69 vs 2.44 Å). The aromatic rings of the
fluorenyl substituent are oriented to the sides and below the plane
of the tropane ring (Fig. 8A).

Similar situations are encountered with 3 (Fig. 8B), which lacks
the bromine atom at C20, thus having the plane of symmetry going
through N8–C3–C90, and C2–C3–C90–C9a0 with a torsional angle of
162�. As a result, the NMR spectra are simplified and only one set of
NOEs was detected marking the interaction of aromatic H10 with
H2ax and H2eq. The distance estimates give 2.35 Å and 2.95 Å,
respectively, similar to the values observed with 2.

The introduction of the double bond in 4 changes the geometry
of the whole molecule, as it can be seen from Figure 8C. The fluore-
nyl moiety is perpendicular to the tropane ring, but the presence of
sp3-hybridized single carbon bridge forces it out of orthogonality.
The torsional angle defined by C2–C3–C90–C9a0 linkage is 132�.
The main features of NOESY data include the observation of NOE
signals for H10/H80-H2 and H2-H90 dipolar interactions and absence
of NOE correlation signals between H10/H80 and H4ax/eq. The aro-
matic protons H10 and H80 cannot be distinguished due to magnetic
equivalence.

Changing the substituent to 20-biphenyl in 5 and 6 (Fig. 9A and
B) introduces the direct sp3–sp2 or sp2–sp2 linkages. In these cases,
the distal benzene ring is located beneath the plane of the bicyclic
ring, positioning the proximal ring in an almost orthogonal orien-
tation (measured average torsional angle C2–C3–C20–C10 is �134�).
The biphenyl rotation is limited around both single bonds. The
presence of 3a-hydroxy group of 5 blocks the distal phenyl group,
since it has to slide by it on the rotational path. When the hydroxyl
is removed in the alkene analog 6, rotational flexibility is intro-
duced to some extent, and the resulting torsional angle decreases
to 113�. Compound 6a (Fig. 9C) also shows similar conformational
restrictions. In addition, the N-methyl group is seen only in the ax-
ial orientation due to the bulky –CH2Cl occupying the equatorial
orientation. The axial N-methyl group does not impose any hin-
drance for rotation of the biphenyl substituent around the tro-
Figure 8. Families of superimposed structures for 2 (A), 3 (B), and 4 (C). Color
scheme: C, white; O, red; N, blue; Br, magenta; H, not shown.

Figure 9. Families of superimposed structures for 5 (A), 6 (B), and 6a (C). Color
scheme: C, white; O, red; N, blue; Cl, green; H, not shown.
pane-aryl single bond. The NOE interactions between N-methyl
and the biphenyl protons strongly support this conclusion.

Compounds 7 and 8 (Fig. 10A and B) assume two orientations of
the biphenyl group either below or above the plane defined by the
tropane ring. Two sets of NOE correlation peaks were observed at
room temperature for the interactions between H20 and H2ax/eq

and H40 and H4ax/eq. As seen in 1, the NOE derived geometries con-
sist of two subfamilies due to the signal averaging of the NOE sig-
nals at room temperature. The C2–C3–C30–C20 torsional angles fall
between 1� and �103�. Both alcohol 7 and its alkene counterpart 8
display significant rotational freedom at both rotatable bonds. A
higher rate of rotation in 8 translates into averaging of distances
for the interactions of H20/H40 and H4ax/eq (2.34 and 3.06 Å for 7
vs 2.57 and 2.84 Å for 8). The two subfamilies in Figure 10 are pres-
ent in 2:1 ratio based on low temperature NMR studies. The tor-
sional angle between benzene rings was found to be in the range
of �49 to �61�, defined with H20–H200 and H60–H600 NOE distance
correlations.

The indole derivative, 9, is the only ligand containing a hetero-
aromatic 3-aryl substituent. The smaller five-membered pyrrole
ring provides additional rotational flexibility around the sp2–sp2

bond (Fig. 11). The torsional angle C2–C3–C30–C20 between the in-
dole and the double bond moved away from orthogonality to
±128�, consequently. There is no evidence for rotation around the
sp2–sp2 bond at room temperature (H40–H4 and H20–H2 NOE cor-
relations), and the indole moiety is assumed to adopt the orienta-
tion represented in Figure 11. However resonance doubling
Figure 10. Families of superimposed structures for 7 (A) and 8 (B). Color scheme: C,
white; O, red; N, blue; H, not shown.

Figure 11. Family of superimposed structures for compound 9. Color scheme: C,
white; O, red; N, blue; H, not shown.
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occurred at temperatures below 243 K, indicating N-methyl
inversion.

Ligands containing an alkene bond in the tropane systems, 1, 4,
6, 8, and 9, can be viewed as a,b-substituted styrenes fused with a
tropane ring. In these molecules, the positions of atoms in C1–C2–
C3 fragment are fixed, and the C3 position serves as a point of
attachment for the aryl or heteroaryl group. This results in two
possible orientations relative to the double bond (above and below
the plane of the double bond). The aryl substituents are oriented in
a manner that conjugation between the aryl and the double bond is
diminished if not completely absent, which is further modified by
the substitution on the proximal benzene ring. This, in turn, pro-
vides orthogonal or close-to-orthogonal orientation necessary for
fitting tightly in the aryl-binding pocket of the monoamine trans-
porter proteins. However, the aryl group rotation and the possibil-
ity of two orientations were absent (NOEs between H2 and H90 for
4 and between H2–H20 for 6 were only observed) for the fluorenyl
and biphenyl derivatives 4 and 6. The energy barriers for rotation
may be too high.

The three commonly used computational modeling approaches
to produce 3D conformations, systematic search (SyS), molecular
dynamic simulation, and simulated annealing (SA) were applied
initially as independent methods to derive plausible three-dimen-
sional structures compatible with the NOE as well as DNMR data.
In the course of the computational studies, it became evident that
none of these approaches provided satisfactory results when ap-
plied individually. SyS possesses, for example, the capability of
simultaneously rotating all rotatable bonds in a molecule. How-
ever, due to its inability to optimize the bond lengths and dihedral
angles, SyS, in many cases, could not render conformations match-
ing the NOE constraints. It is well known that MDS has the ten-
dency of retaining a conformation at its local minima during the
simulation process. Our modeling studies confirmed this notion—
MDS only changed the geometry of the starting conformation to
a limited extent even if the simulation temperature was raised to
700 K. Moreover, the inversion of the N-methyl group, indicated
in the NMR conformational studies, was never found in any of
the molecules during the MDS studies. On the other hand, it was
found that SA was capable of providing multiple low energy con-
formations different from the starting conformation. The N-methyl
inversion was also reflected during the SA simulation. However,
the interproton distances of the final conformations deviated sig-
nificantly from the experimental NOE constraints. Due to unsatis-
factory performance of each of these approaches, a combination
of the methods was used to address the conformational modeling
requirements of the study. The SyS–MDS procedure was designed
to utilize the capability of both SyS and MDS, SyS being able to se-
lect multiple conformations with different rotational angles, espe-
cially for the bond between the substituent and the tropane ring,
and MDS being able to ‘fine-tune’ the bond lengths and angles to
fit the NOE constraints. This procedure resulted in structures in
which the distances did not deviate more than 5% from the exper-
imental NOE constraints. The N-methyl inversion is also clearly
evident in the final family of structures.
3. Conclusions

The solution structures and equilibrium dynamics of nitrogen
inversion were characterized for a series of semi-rigid monoamine
transporter ligands using NMR spectroscopy and molecular model-
ing. The non-polar medium used in this study is more representa-
tive of the environment encountered in the binding pockets of
monoamine transporters. All of the 2,3-unsaturated 3-aryltropanes
except the indole analog displayed a preference for the equatorial
orientation of the NCH3 group. The aryl group was found to be gen-
erally flexible, as a result of rotation around the single bond con-
necting the tropane and the aryl moiety. 3-Aryl tropanes lacking
a 2-substituent retained moderate to high binding affinity and
selectivity for the hSERT,23 and considering these findings, it is evi-
dent that the aryl-binding pocket of the hSERT is quite tolerant to
the steric bulk above and below the tropane ring, in addition to the
para position of the proximal benzene ring. Another contributing
factor to the selectivity for the hSERT is an increase in the popula-
tion of an axially oriented N-methyl group, which is expected to be
the binding conformation. Though the equatorial conformation was
preferentially formed for the majority of the aryl tropenes investi-
gated here, the equilibrium constants are much higher than those
of either 2,3-substituted tropanes or the parent tropane
molecule.12,19,22,25

The 20-fluorenyl analog (compound 1) displayed the highest
affinity and selectivity for the hSERT. The orthogonal orientation
of the aryl group relative to the tropane system and the 2:1 confor-
mational equilibrium due to nitrogen inversion contribute signifi-
cantly to this activity. In comparison, the second most active
compound, the indole analog, has a 5-fold reduced potency for
the hSERT. Unlike the other aryl substituents, the indole moiety
was found to adopt conformations closer to co-planarity while
the N-methyl equilibrium was shifted toward the axial form.

An aryl pharmacophore at position 3 of the tropane ring re-
mains a major determinant of activity and selectivity for DAT/SERT.
Fine tuning is possible through positioning of the lone electron pair
of nitrogen, and the biphenyl analogs 6 and 8 represent good
examples of this effect. Aryl substituents also influence the posi-
tion of the N-methyl equilibrium, which in turn modulates the
overall biological activity. Further investigation is required to
determine the exact cause of this effect, either due to the steric fac-
tors and/or indirectly to the electron density of the double bond.29

It is also possible that N-methyl reorientation and the rotation of
the aryl substituent may occur simultaneously without one effect
causing the other, as suggested by the low temperature NOE
data.

4. Experimental

4.1. Synthesis of 3-aryl-8-N-methyl-8-azabicyclo[3.2.1]octanes

3-Aryl-substituted 8-methyl-8-azabicyclo[3.2.1]octanes (3-
aryltropanes) and their 2,3-unsaturated analogs were synthesized
using organolithium chemistry as described in Krunic et al.23

4.2. NMR Spectroscopy

1H and 13C resonance assignments of all the molecules were
determined using standard procedures with 1H, 13C, 13C-DEPT (dis-
torsionless enhancement by polarization transfer) 1H–1H COSY
(correlation spectroscopy), 1H–13C HMQC (heteronuclear multiple
quantum coherence), 1H–13C HMBC (heteronuclear multiple bond
correlation) and NOESY (Nuclear Overhauser effect spectroscopy)
data. The solvent for the NMR samples was CDCl3 (99.6%D from
Sigma–Aldrich), and the chemical shifts were referenced from tet-
ramethylsilane (TMS) unless mentioned otherwise. The tempera-
ture-dependent 1H spectra were recorded in the range of 215–
300 K, and the rate constants of interconversion were measured
in the range of 217–237 K.

All the NMR data were collected at 300 MHz with a Bruker
Avance DPX-300 spectrometer, and the 2D experiments were per-
formed in phase sensitive mode with 2048 data points in the t2-
dimension and 512 data points in t1-dimension. Zero-filling to
1024 points in t1-dimension was employed prior to the second
Fourier transformation. Sine window function was used in both
the dimensions.



Figure 12. The general procedure for the NMR-based solution structure determination using the combination of systematic search and molecular dynamic simulations.
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4.2.1. Interproton distances
The interproton distance estimates for structure calculations

were obtained through a series of 2D NOE experiments with vari-
able mixing times ranging from 0.4 to 1.6 s. The NOE analysis was
performed in the linear NOE build-up regime such that the two-
spin approximation is valid. The interproton distances of various
proton pairs were estimated by the following equation:

rAB=rref ¼ r6
ref=r6

AB

rFD and rref denote the cross-relaxation constants of the dipolar
vector connecting protons A and B and the dipolar vector connect-
ing the reference protons. rAB and rref denote the interproton dis-
tances between A and B, and between the reference proton pair,
respectively. The cross-relaxation constants were estimated by fit-
ting the initial NOE build-up to a straight line, as shown by the fol-
lowing equation:

NOEABðsmÞ ¼ �rAB � sm þ Constant

where NOEAB(sm) denote the nuclear Overhauser effect at a mixing
time of sm in seconds corresponding to the dipolar interaction be-
tween A and B, respectively. Methylene and ortho aromatic protons,
for example, H6exo–H6endo, H4exo–H4endo, H7exo–H7endo, H30–H40,
H40–H50, and H50–H60, were commonly used as reference proton
pairs for the structure calculations. The nature and the number of
reference distances used in the quantitative NOE calculations for a
given molecule were limited by the resonance overlap. The refer-
ence distances of 1.78 Å and 2.45 Å were used, respectively, for
methylene and aromatic ortho-proton pairs.

4.2.2. Rate constants of N-methyl inversion
Rate constants of N-methyl inversion between the axial and

equatorial conformers were measured by the inversion magnetiza-
tion transfer method. In this method, the resonance of the major
conformer is selectively inverted with the intensity of the minor
conformer, followed with change in mixing time (sm).30 Mixing
time, sm, was varied between 0.00005 and 20.0 s and 13 sm values
were used for each magnetization transfer run. Due to resonance
overlap, intensities rather than integrated intensities were used
in estimating the rate constants.

Magnetization transfer experiments were repeated 12 times at
each temperature for 1 to determine the error associated with the
estimated rate constants. The error in rate constants varied be-
tween 2% and 8% and resulted in similar deviation from the ther-
modynamic parameters determined with a single measurement.

4.3. Molecular modeling and structure calculations

All structure calculations were performed on Sybyl.31 The initial
3D structures of the molecules were constructed in Sketcher, and
Gasteiger-Hückel charges were calculated. First, the structures
were minimized with both Steepest Descent and Conjugated Gra-
dient methods using Tripos force field. Second, systematic search
was performed on the minimized structures to identify the most
plausible conformations with appropriate torsional angles. The tor-
sional angle of the bond connecting the tropane ring and the aryl
substituent was incremented in 1� steps where as that of other
non-essential rotatable bonds was incremented in 30� steps. In
the next round, the representatives of each set of conformations
identified from SyS were subjected to constrained MDS optimiza-
tion at 300 K in vacuum. The NOE constraints from the NMR study
were applied to restrict the distances between corresponding
hydrogen atom pairs. The conformations within 2 kcal/mol from
the lowest energy conformer were initially selected as the candi-
date conformations, and finally, the conformations with <5% dis-
tance discrepancy from the NOE determined distances were
identified as the final NMR structures. The molecular modeling
procedure used to generate the solution structures is presented
in Figure 12.

In order to evaluate and compare the performance of computa-
tional methods, simulated annealing (SA) was also applied in addi-
tion to systematic search and molecular dynamic simulations.
Tripos force field and default parameters were used for SA. How-
ever, in the SA analysis, the annealing was conducted or ten cycles
with the highest temperature of 700 K for 1000 fs and the lowest of
200 K for 1000 fs.
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