
DOI: 10.1002/chem.200701565

Modelling Amphetamine/Receptor Interactions: A Gas-Phase Study of
Complexes Formed between Amphetamine and Some Chiral
Amido[4]resorcinarenes

Bruno Botta,*[a] Andrea Tafi,*[b] Fabiana Caporuscio,[a] Maurizio Botta,[b]

Laura Nevola,[a] Ilaria D’Acquarica,[a] Caterina Fraschetti,[a] and Maurizio Speranza*[a]

Introduction

Amphetamine (A) and its analogues are central nervous
system stimulants. These compounds each contain a chiral
centre, and their enantiomers show different pharmacologi-
cal properties. Both (S)-(+)-amphetamine (d-amphetamine,
A(S)) and (R)-(�)-amphetamine (l-amphetamine, A(R)) are
thought to exert their effects by binding to the monoamine
transporters and increasing extracellular levels of the bio-
genic amines, such as dopamine, norepinephedrine and sero-
tonin.[1] It is hypothesized that A(S) acts primarily on the
dopaminergic systems,[2–4] while A(R) is comparatively nore-

pinephrinergic.[2,5] In all instances, the mechanisms of action
of A(S) and A(R) proceed through preliminary interactions
with the amino acids of the N terminus of human dopamine
transporter (or their phosphorylated forms).[6] The dopa-
mine transporter is a member of the Na+- and Cl�-depen-
dent plasma membrane transporters, which enable the trans-
port of substrate together with Na+ and Cl� co-substrates.[7]

In view of the complexities of the uptake process depicted
above, it would be of interest to investigate the natures of
the noncovalent interactions between A(S) and A(R) and
some artificial receptors containing different amino acidic
groups in the gas phase under conditions mimicking the ex-
tensive desolvation accompanying the uptake of ampheta-
mine inside the receptor cavity. In addition, one needs to
evaluate the effects of specific inorganic ions, including Cl�,
on the substrate recognition step that impacts the entire
uptake process.[8–10]

We have recently been engaged in extensive mass spectro-
metric (MS) studies of the interactions between some repre-
sentative chiral biomolecules (C) and specifically designed
chiral macrocyclic receptors (M), such as the amido[4]resor-
cinarene 1(S) (Figure 1),[11–15] in the gas phase, where interfer-
ence from the solvent and the counterion is excluded. The
molecular asymmetry of the selected hosts M is due to the
four dissymmetric pendants, which may be spatially oriented
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so as to generate chiral cavities of different size and
shape.[13] The enantioselectivities of the selected M hosts to-
wards the C enantiomers were checked by introducing the
proton-bonded two-body complexes [M·H·C]+ into a Fouri-
er Transform Ion Cyclotron Resonance Mass Spectrometer
(FT-ICR-MS), fitted with an electrospray ionization source
(ESI), and by measuring the rate of the displacement reac-
tion (1) [Eq. (1)], where B is either (R)-(�)-but-2-ylamine
(B(R)) or (S)-(+)-but-2-ylamine (B(S)).

½M �H � C�þ þ B ! ½M �H � B�þ þ C ð1Þ

The same kinetic approach is
employed in this paper in order
to gather some insights into the
specific interactions between A
and several chiral macrocyclic
hosts, containing either flexible
(that is, 1–3) or rigid (that is, 4
and 5) pendants (Figure 1). The
relevant kinetic results are dis-
cussed in the light of Molecular
Mechanics (MM) calculations
and Molecular Dynamics (MD)
simulations and compared with
those obtained in previous re-
lated studies.

Results and Discussion

FT-ICR experiments : The
proton-bound complexes
[M·H·A]+ were generated in
the FT-ICR-MS by electro-
spraying of M/A methanolic
solutions. The same complexes

are formed together with proton-bound [M·H·(A)2·HCl]+

aggregates from ESI of M/AH+ ·Cl� methanolic solutions.
The reaction between [M·H·A]+ and amines B leads to the
exclusive formation of the guest-exchange product
[M·H·B]+ [Eq. (2)], while that with [M·H·(A)2·HCl]+ pro-
ceeds through a consecutive B-to-A displacement sequence
with formation of the [M·H·A·B·HCl]+ and
[M·H·(B)2·HCl]+ products [Eqs. (3) and (4)].

½M �H �A�þ þ B ! ½M �H � B�þ þ A ð2Þ

½M �H � ðAÞ2 �HCl�þ þ B ! ½M �H �A � B �HCl�þ þ A

ð3Þ

½M �H �A � B �HCl�þ þ B ! ½M �H � ðBÞ2 �HCl�þ þ A ð4Þ

The pseudo-first-order rate constants (k’) of reactions 2 and
3 were obtained from the slopes of the relevant lnACHTUNGTRENNUNG(I/I0)
versus t plots, where I is the signal intensity of the corre-
sponding starting complex at the delay time t, and I0 is the
sum of the signal intensities of the starting complex and its
products. The pseudo-first-order rate constant of step 4 was
derived by best-fitting the relative abundance of the
[M·H·(A)2�n·Bn·HCl]+ (n=0–2) ions as a function of the
delay time t, using as the only constraint the k’ value ob-
tained for step 3 from the relevant lnACHTUNGTRENNUNG(I/I0) versus t plot. The
second-order rate constants—k=k’/[B]—are denoted ac-
cording to the configurations of the A, M and B molecules.
Thus, khomo refers to the complex in which A and M have
the same configuration and khetero to that in which A and M
have opposite configurations. The k(R) constant refers to the
reaction with B(R) and the k(S) one to that with B(S).
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Figure 1. Selected amido[4]resorcinarenes 1–5. The asterisks denote the configurations of the chiral centres:
either R,R (for 4(R) and 5(R)) or S,S (for 4(S) and 5(S)).
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Enantioselectivity is defined by the 1=khomo/khetero ratio,
when referred to the configuration of the M/A pair, or by
the x=k(R)/k(S) one, where the subscripts indicate the config-
uration of the amine B. A value of 1>1 indicates that the
B-to-A displacement is faster in the homochiral complex
than in the heterochiral one. The opposite is true when 1<

1. A value of 1=1 corresponds to equal displacement rates.
Analogously, a value of x>1 indicates that the displacement
of the A guest from a given complex is faster with the (R)-
amine (B(R)) than with the (S)-amine (B(S)). Again, the op-
posite is true when x<1. A value of x=1 corresponds to
equal displacement rates.

Irrespective of the starting methanolic solution, whether
containing the free A base or its AH+ ·Cl� hydrochloride,
the ESI-formed [M·H·A]+ complex always exhibits the
same exchange rate constant. This suggests that the same
[M·H·A]+ structure is formed both from the free A and
from the AH+ ·Cl� precursors. Linear rate plots are invaria-
bly observed in the reactions between the B enantiomers
and all the selected [M·H·A]+ [Eq. (2); corr. coeff. 0.982 <

r2 < 0.999) and [M·H·(A)2·HCl]+ complexes [Eq. (3); corr.
coeff. 0.989 < r2 < 0.999) (see Figures A1–A20 in the Sup-
porting Information (SI)). This common kinetic behaviour
points to a single isomeric structure for both the [M·H·A]+

and the [M·H·(A)2·HCl]+ complexes.[11–17]

The second-order rate constants (k) for all the displace-
ment reactions 2–4 investigated are listed in Table 1. Their
values, compared with the relevant collision rate constant
(kC),

[18] provide a measure of the efficiency of the reaction
(eff=k/kC).

With regard to the exchange reaction 2, the [M·H·A]+

complexes with M=1(S) and 3(R) show the greatest enantio-
selectivity, with the homochiral complexes reacting from
1.82 to 2.57 times more slowly than the heterochiral ones.
The opposite is true for the [M·H·A]+ complexes with M=

2(R), 4 and 5 (here only with B(R)). In general, the effect of
the configuration of B on the reaction kinetics is not very
pronounced (0.82 < x < 1.25). Base-induced loss of the
first A molecule from the [M·H·(A)2·HCl]+ adducts
[Eq. (3)] is faster (up to five times) than the loss of the same
molecule from the corresponding [M·H·A]+ complexes
[Eq. (2)]. Reaction 3 displays significant enantioselectivity
only when the diastereomeric [3(R)·H·(A)2·HCl]+ complexes
are involved. As with [3(R)·H·A]+ , the homochiral
[3(R)·H·(A(R))2·HCl]+ complex reacts around 1.5 times more
slowly than the heterochiral [3(R)·H·(A(S))2·HCl]+ one. All
the other [M·H·(A)2·HCl]+ congeners, except for
[2(R)·H·(A)2·HCl]+ with B(S) (1=1.87	0.18), show less pro-
nounced enantioselectivities (1.00 < 1 < 1.23). In general,
the enantioselectivity of [M·H·(A)2·HCl]+ is higher with B(S)

Table 1. Exchange rate constants (kK10�10 cm3molecule�1 s�1).

Host Complex (R)-(�)-C4H9NH2 1 (S)-(+)-C4H9NH2 1 x Reaction efficiency[a]

k(R) khomo/khetero k(S) khomo/khetero k(R)/k(S) k(R)/kC k(S)/kC

1(S)

[1(S)·H·A]+
hetero 1.03	0.03

0.39	0.02
0.83	0.03

0.45	0.02
1.23	0.09 0.09 0.07

[1(S)·H·A]+
homo 0.40	0.01 0.37	0.01 1.09	0.03 0.03 0.03

[1(S)·H·(A)2·HCl]+
hetero 1.84	0.01

1.08	0.03
1.42	0.06

1.20	0.09
1.30	0.03 0.16 0.12

[1(S)·H·(A)2·HCl]+
homo 1.99	0.04 1.70	0.06 1.17	0.07 0.17 0.15

[1(S)·H·A·B·HCl]+
hetero 0.97

0.99
0.62

1.35
1.56 0.08 0.05

[1(S)·H·A·B·HCl]+
homo 0.96 0.84 1.14 0.08 0.07

2(R)

[2(R)·H·A]+
hetero 1.11	0.03

1.05	0.05
1.14	0.01

1.26	0.04
0.97	0.04 0.09 0.10

[2(R)·H·A]+
homo 1.17	0.02 1.42	0.02 0.82	0.05 0.10 0.12

[2(R)·H·(A)2·HCl]+
hetero 1.81	0.03

1.05	0.02
1.07	0.05

1.87	0.18
1.69	0.11 0.15 0.09

[2(R)·H·(A)2·HCl]+
homo 1.91	0.02 2.00	0.09 0.95	0.06 0.16 0.17

[2(R)·H·A·B·HCl]+
hetero 0.96

0.73
0.80

0.99
1.20 0.09 0.07

[2(R)·H·A·B·HCl]+
homo 0.70 0.79 0.88 0.06 0.07

3(R)

[3(R)·H·A]+
hetero 1.50	0.01

0.55	0.02
1.54	0.02

0.51	0.01
0.97	0.02 0.13 0.13

[3(R)·H·A]+
homo 0.82	0.02 0.78	0.01 1.05	0.04 0.07 0.07

[3(R)·H·(A)2·HCl]+
hetero 4.14	0.08

0.68	0.02
4.48	0.13

0.66	0.04
0.92	0.05 0.36 0.38

[3(R)·H·(A)2·HCl]+
homo 2.82	0.02 2.94	0.09 0.96	0.04 0.24 0.25

[3(R)·H·A·B·HCl]+
hetero 1.61

0.71
1.73

0.60
0.93 0.14 0.15

[3(R)·H·A·B·HCl]+
homo 1.14 1.02 1.12 0.10 0.09

4(R) and 4(S)

ACHTUNGTRENNUNG[4·H·A(R)]
+
hetero 1.70	0.07

1.12	0.09
1.62	0.07

1.14	0.09
1.05	0.07 0.14 0.14

ACHTUNGTRENNUNG[4·H·A(R)]
+
homo 1.90	0.07 1.85	0.06 1.03	0.04 0.16 0.16

ACHTUNGTRENNUNG[4·H·(A(R))2·HCl]+
hetero 3.87	0.07

1.11	0.04
3.79	0.05

1.00	0.03
1.02	0.03 0.33 0.32

ACHTUNGTRENNUNG[4·H·(A(R))2·HCl]+
homo 4.30	0.08 3.79	0.06 1.13	0.04 0.37 0.32

ACHTUNGTRENNUNG[4·H·A(R)·B·HCl]+
hetero 1.04

1.26
1.15

1.27
0.90 0.09 0.10

ACHTUNGTRENNUNG[4·H·A(R)·B·HCl]+
homo 1.31 1.46 0.90 0.11 0.12

5(R) and 5(S)

ACHTUNGTRENNUNG[5·H·A(R)]
+
hetero 1.06	0.02

1.26	0.09
1.17	0.04

0.91	0.06
0.91	0.05 0.09 0.10

ACHTUNGTRENNUNG[5·H·A(R)]
+
homo 1.34	0.05 1.07	0.03 1.25	0.09 0.11 0.09

ACHTUNGTRENNUNG[5·H·(A(R))2·HCl]+
hetero 3.05	0.11

1.16	0.05
2.60	0.03

1.23	0.03
1.17	0.06 0.26 0.22

ACHTUNGTRENNUNG[5·H·(A(R))2·HCl]+
homo 3.54	0.02 3.20	0.03 1.11	0.01 0.30 0.27

ACHTUNGTRENNUNG[5·H·A(R)·B·HCl]+
hetero 0.71

1.15
0.68

0.94
1.04 0.06 0.06

ACHTUNGTRENNUNG[5·H·A(R)·B·HCl]+
homo 0.82 0.64 1.28 0.07 0.05

[a] Reaction efficiency expressed by the ratio between the measured rate constants and the corresponding collision constant kC, calculated by the trajec-
tory calculation method (Ref. [18]).
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(0.66 < 1 < 1.87) than with B(R) (0.68 < 1 < 1.16). The
effect of the configuration of B on the first steps [Eq. (3)] of
the exchange reaction sequences [Eq. (3), Eq. (4)] is appre-
ciable, with [M·H·(A)2·HCl]+ [M=1(S) (1.17 < x < 1.30)
and 2(R) (0.95 < x < 1.69)]. All the other [M·H·(A)2·HCl]+

congeners show a relatively minor sensitivity to the B con-
figuration (0.92 < x < 1.17). Base-induced loss of the resid-
ual A molecule from the [M·H·A·B·HCl]+ adducts [Eq. (4)]
is normally up to five times slower than the loss of the first
A molecule from the [M·H·(A)2·HCl]+ adducts [Eq. (3)].
However, reaction 4 displays an enantioselectivity that can
be qualitatively and quantitatively different from that exhib-
ited by the preceding step [Eq. (3)]. For instance, the 1

values measured with the diastereomeric [4·H·A(R)·B·HCl]+

complexes amount to ca. 1.3, whereas those obtained for
their [4·H·(A(R))2·HCl]+ precursors do not exceed 1.1. In ad-
dition, 1 < 1 values are invariably measured with the dia-
stereomeric [2(R)·H·A·B·HCl]+ complexes, whereas 1 > 1
values were obtained with their [2(R)·H·(A)2·HCl]+ precur-
sors.

In view of the different efficiencies and selectivities of the
base-induced reactions 2–4, reported in Table 1, the question
arises as to their origin, whether due to kinetic factors (that
is, related to the effects of the M host chiral frame upon the
displacement transition structures), or to thermodynamic
factors (that is, just reflecting the relative stabilities of the
diastereomeric [M·H·A]+ , [M·H·(A)2·HCl]+ and
[M·H·A·B·HCl]+ complexes). A detailed structural and en-
ergetic analysis of a representative proton-bonded diastereo-
meric [M·H·A]+ , [M·H·(A)2·HCl]+ and [M·H·A·B·HCl]+

adducts is needed in order to answer this important ques-
tion. This task has been undertaken with the aid of Molecu-
lar Mechanics (MM) calculations and Molecular Dynamics
(MD) simulations.

MM and MD calculations on diastereomeric [1(S)·H·(A)n+1·
(HCl)n]

+
ACHTUNGTRENNUNG(n=0,1) complexes : As pointed out in a previous

study,[12] a quantitative estimate of the energetics of the
[1(S)·H·A]+ and [1(S)·H·(A)2·HCl]+ aggregates by MM calcu-
lations and MD simulations is prevented because of the flex-
ibility of the M host, which makes the number of its con-
ceivable adducts with amphetamine exceedingly large. Be-
sides, any computational attempt to reproduce quantitative-
ly the small activation free energy differences derived from
the measured enantioselectivity values (<2.3 kJmol�1 at
300 K; Table 1) is thwarted by the relatively large uncertain-
ty associated with the computational approaches. As a con-
sequence, we provide a description of the structural features
of the [1(S)·H·A]+ and [1(S)·H·(A)2·HCl]+ aggregates that
may be of some help in rationalizing the FT-ICR experi-
mental results.

As illustrated in the Experimental Section, a complete
and reasonably homogeneous sampling of the whole poten-
tial energy hypersurface of the selected systems is better at-
tained through the combination of Monte Carlo (MC) dock-
ing studies with constant temperature MD simulations. The
time evolution of the molecular motions of the host and

guest moieties would in fact be expected to let the system
move among many conformations populated at room tem-
perature, by crossing over low energy barriers and by fa-
vouring large flat minima with respect to narrow ones, so as
to provide a dynamic picture of the recognition process.

Figure 2a,b shows the results of MCMM/MOLS and
MCMM/LMCS/MOLS docking studies on the homochiral
[1(S)·H·A(S)]

+ and the heterochiral [1(S)·H·A(R)]
+ complexes,

respectively. An intermolecular out-of-plane bending is used
as a structural descriptor (SD1; see Figure 11 in the Experi-
mental section) to classify the overall geometries of the low-
energy complexes. Figure 2b indicates that the A(R) guest is
“better” hosted in the [1(S)·H·A(R)]

+ complex (in terms of
static shape and electrostatic complementarities) in a region
of three-dimensional space at SD1 values close to 08 : that is,
in the ext region of the host between two adjacent l-valina-
mido pendants (Figure 3a).

A similar position is preferentially occupied by the A(S)

guest in the homochiral [1(S)·H·A(S)]
+ complex (Figures 2a

and 3b). However, some of the more energetic [1(S)·H·A(S)]
+

structures present the guest in a region of three-dimensional
space at SD1 values around �508 : that is, “halfway” between
the ext and the down regions of the host (henceforth denot-
ed as the half region). In these structures, the phenyl ring of
the guest molecule is positioned inside the lower cavity of
the host among the chiral pendants (Figures 2a and 3c).
With regard to the 0 K average energies of the two diaste-
reomeric structures, the homochiral [1(S)·H·A(S)]

+ complex is
about 4 kJmol�1 more stable than the heterochiral

Figure 2. Docking of [1(S)·H·A(S)]
+ (a) and [1(S)·H·A(R)]

+ (b).
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[1(S)·H·A(R)]
+ adduct, probably due to a more favourable ori-

entation of the methyl group, directed toward the protonat-
ed pendant (cf. Figure 3a and b).

The results of MD simulations, starting from relevant ext
minima of [1(S)·H·A(S)]

+ (Figure 4a) and [1(S)·H·A(R)]
+ (Fig-

ure 4b), suggest that, at 300 K, the amphetamine guest is
permanently trapped at the ext region of the host close to its
chiral lower rim. As to the relative stability of ext-
[1(S)·H·A(S)]

+ vs. ext-[1(S)·H·A(R)]
+ structures, MD simula-

tions confirm the above qualitative order, though mostly
due to entropy factors. Indeed, a comparative inspection of
Figure 4a and b reveals some more scattering in the SD1

values of [1(S)·H·A(S)]
+ , relative to those of [1(S)·H·A(R)]

+ . In
order to clarify the structural reasons for such a scattering, a
second structural descriptor—SD2—has been defined (see
Figure 11, Experimental Section), describing the orientation
of the guest phenyl ring with respect to the facing aromatic
ring of the host. When the frequencies of the values taken
by SD2 during the MD runs are plotted against the values
themselves (Figure 5), it becomes obvious that the SD1 oscil-
lations of Figure 4a correspond to upside down turns of the
guest.

The more frequent and complete oscillations of the guest
in the homochiral [1(S)·H·A(S)]

+ structure, attested to by the
smoother distribution of SD2 values (Figure 5, bottom), sug-
gest the idea of a higher density of rotational states for the
A(S) guest in the homochiral [1(S)·H·A(S)]

+ structure, relative
to A(R) in the heterochiral [1(S)·H·A(R)]

+ one (Figure 5,
top).[19] The phenomenon reflects the different host–guest
interaction pattern at the guest chiral centre (see Ref. [19]).
It is concluded that the homochiral [1(S)·H·A(S)]

+ structure
benefits from a greater rotational freedom—relative to the
heterochiral [1(S)·H·A(R)]

+ one—and, therefore, from a
greater entropic content.

Figure 6a and b sum up the results of MCMM/MOLS and
MCMM/LMCS/MOLS docking calculations on the homo-
chiral [1(S)·H·(A(S))2·HCl]+ and the heterochiral

[1(S)·H·(A(R))2·HCl]+ complexes, respectively. They display
the pattern of values taken by couples of SD1 intermolecular
descriptors, each one relating to the orientation of one am-
phetamine molecule. The lowest-energy MC
[1(S)·H·(A)2·HCl]+ structures, collected within 20 kJmol�1,
are characterized by the AH+/Cl� pair being preferentially
located either in the down or in the ext position (red dots in
Figure 6). At the same time, the neutral amphetamine mole-
cule is hosted in close proximity to the hydrochloride (either
in the down or in the ext regions; black dots in Figure 6).
When the hydrochloride is hosted at the lower rim (down
position), the neutral amphetamine can also reside either in
the ext region or at the upper rim of the host (the up
region). The [1(S)·H·(A)2·HCl]+ structures with both the A
molecule and the AH+/Cl� pair in the ext region are denot-
ed as ext-ext. Those with both the A molecule and the AH+/
Cl� pair in the down region are denoted as down–down.
Those with the A molecule in the ext position and the AH+/
Cl� pair in the down one are denoted as down-ext. Those
with the A molecule in the up position and the AH+/Cl�

pair in the down one are denoted as down–up (see
Figures S1–S8 in the Supporting Information). The data
shown in Figure 6a,b point to very limited differences of the
0 K steric energies among the four possible geometries of
the diastereomeric complexes (DE 
4.0 kJmol�1), with the
down-ext and ext-ext structures as the most stable ones (see
Table 2). This means that, according to the Amber* force
field, the four detected geometries should all be populated
if thermal excitation (entropy) did not come into play.

Figure 3. Monte Carlo global minimum geometries of the [1(S)·H·A(R)]
+

(a) and [1(S)·H·A(S)]
+ (b) complexes, showing the preferred accommoda-

tion of the A guest to the ext region of the complex. c) Geometry of the
half-[1(S)·H·A(S)]

+ complex, showing the phenyl ring of the guest molecule
positioned inside the host cavity.

Figure 4. Molecular dynamics (SD1 vs. frames) of ext-[1(S)·H·A(S)]
+ (a)

and ext-[1(S)·H·A(R)]
+ (b).
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Molecular dynamics simulations, performed at 300 K and
starting from the lowest-energy ext-ext and down-ext minima
of [1(S)·H·(A(S))2·HCl]+ and [1(S)·H·(A(R))2·HCl]+ , suggest
that, at this temperature, ext-ext geometries are at least a
couple of kilocalories per mol less stable than down-ext
minima (results not shown). Furthermore, they reveal that,
at 300 K, the A(R)H

+/Cl� pair in the heterochiral down-ext-
[1(S)·H·(A(R))2·HCl]+ structure remains firmly located in the
down region, while the ext A(R) molecule can easily shift
toward the down region. The nature of such a time-depen-
dent event is illustrated in Figure 7. After 13 ns, the host
pendant H-bonded to the A(R) molecule moves up towards
the upper rim of the resorcin[4]arene. Through this move-
ment, the guest finds the way to shift rapidly from the ext to
the down position of the host simply through a torsion of
the pendant, and locks itself into the down cavity by drag-
ging the pendant along with it.

A similar, but fully reversible, motion has been observed
in the MD simulation of the homochiral down-ext-

[1(S)·H·(A(S))2·HCl]+ structure (Figure 8). While the A(S)H
+/

Cl� pair stands still at the down region, the A(S) moiety
moves after 19 ns from the ext to the down position in a
fashion similar to that shown by A(R) in the heterochiral
down-ext-[1(S)·H·(A(R))2·HCl]+ structure, except that the
movement is now reversed by the absence of the concurrent
movement of a pendant.

As a whole, the results of the MD simulations suggest
that, at 300 K, the down-down and down-ext forms are prob-
ably the most populated, easily interconverting
[1(S)·H·(A(S))2·HCl]+ regioisomers. As for the heterochiral
[1(S)·H·(A(R))2·HCl]+ complex, down-down is probably the
most populated regioisomer, to which the down-ext one irre-
versibly isomerizes.

Figure 5. Frequency plots of MD simulations showing the oscillations of
A in ext-[1(S)·H·A]+ . Maxima at �158/�208 and 608 correspond to “up”
orientations of the phenyl ring of the guest (more populated in both
cases). Maxima at �1608/�1508 and 1608/1508 correspond to “down” ori-
entations of the phenyl ring (differently populated in the two diastereo-
meric complexes).

Figure 6. Docking of the homochiral [1(S)·H·(A(S))2·HCl]+ (a) and the het-
erochiral [1(S)·H·(A(R))2·HCl]+ complex (b). The red dots refer to the po-
sitions of the AH+/Cl� pair; the black dots refer to the positions of the
neutral A molecule.

Table 2. Computed relative energetics of the [1(S)·H·A2·HCl]+ regioisom-
ers.

Complex Docking
Geometry Output

number
(Steric energy) DE

[kJmol�1]

[1(S)·H·(A(R))2·HCl]+ ext-ext 1 0.0
down-ext 2 0.2
down-up 11 2.5
down-
down

20 3.5

[1(S)·H·(A(S))2·HCl]+ ext-ext 2 0.4
down-ext 1 0.0
down-up 9 1.9
down-
down

22 4.0
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Kinetics and enantioselectivities of the [1(S)·H·(A)n+1·
(HCl)n]

+
ACHTUNGTRENNUNG(n=0,1) complexes : Table 1 indicates that, irre-

spective of the B configuration, the heterochiral
[1(S)·H·A(R)]

+ complex invariably reacts more rapidly than
the homochiral analogue (1 < 1). Besides, while B(R) reacts
more rapidly than B(S) with the heterochiral [1(S)·H·A(R)]

+

complex (x=1.23	0.09), they exhibit almost the same reac-
tivity with the homochiral [1(S)·H·A(S)]

+ adduct (x=1.09	
0.03). As pointed out above, Molecular Mechanics (MM)
calculations and Molecular Dynamics (MD) simulations in-
dicate that the proton-bound A(S) guest, although perma-
nently located at the ext position of the host in [1(S)·H·A]+ ,
can rotate almost freely over the hostOs structure, whilst the
proton-bound A(R) enantiomer can just oscillate over a re-

stricted angle (Figure 5). This implies that the homochiral
[1(S)·H·A(S)]

+ ext structure is entropically stabilized relative
to the heterochiral [1(S)·H·A(R)]

+ complex. This may account
in part for the measured 1 < 1 factors. The different dy-
namics of [1(S)·H·A(S)]

+ vs [1(S)·H·A(R)]
+ may play a role as

well. The frequent and complete rotation of the A(S) guest in
the homochiral [1(S)·H·A(S)]

+ ext structure may slow down
the B-to-A displacement process by hindering the accompa-
nying proton transfer from A(S) to B. Similar hindrance is
absent in the heterochiral [1(S)·H·A(R)]

+ ext structure be-
cause of the restricted oscillation of the A(R) guest, which
leaves the region of three-dimensional space adjacent to the
upper rim of the host open to B. This dynamic picture may
also account for the different x enantioselectivity factors
measured for the diastereomeric [1(S)·H·A]+ complexes.

Table 1 also reveals that the base-induced loss of the first
A molecule from the [1(S)·H·(A)2·HCl]+ adducts [Eq. (3)] is
appreciably faster (up to 4.9 times) than loss of the same
molecule from the corresponding [1(S)·H·A]+ complexes
[Eq. (2)]. This behaviour can be explained by the increased
probability of the incoming B amine experiencing proton
transfer from one of the two protonated centres of the
[1(S)·H·(A)2·HCl]+ structures. An additional factor might be
the steric preference of the encumbered lower rim of the
host, already occupied by the AH+/Cl� pair in the down-
down-[1(S)·H·(A)2·HCl]+ structure, to accommodate the
small amine B rather than the second amphetamine A. The
first B-to-A molecule displacement in [1(S)·H·(A)2·HCl]+ is
not particularly enantioselective (1=1.08	0.03 (B(R)) ;
1.20	0.09 (B(S))). Such a poor enantioselectivity can be ac-
counted for by the fact that in most [1(S)·H·(A)2·HCl]+ iso-
mers the chloride ion is located deep inside the lower rim of
the host and strongly interacts with the AH+ moiety. The
neutral A molecule is instead located outside the chiral
cavity of the host (the down-ext isomer) or inside the cavity
(the down-down isomer), but in a position removed from its
chiral centres because of the presence both of the chloride
ion “spacer” and of the AH+ moiety. This implies that the
host is not able to exert any significant chiral discrimination
either towards the neutral amphetamine molecule or to-
wards the incoming 2-aminobutane reactant (1 �1 and x

�1).
Table 1 shows that the base-induced loss of the second A

molecule from the [1(S)·H·A·B·HCl]+ [Eq. (4)] is almost
twice as slow as the loss of the first molecule from the corre-
sponding [1(S)·H·(A)2·HCl]+ complexes [Eq. (3)]. This be-
haviour can be explained by the fact that the reaction must
involve proton transfer from the residual AH+ moiety to
the second B amine. Indeed, with the reasonable assumption
of an indiscriminate proton transfer from [1(S)·H·A·B·HCl]+

to B in the encounter complex, the probability of the reac-
tion is exactly one half of that between [1(S)·H·(A)2·HCl]+

and B. As in the case of the first B-to-A displacement in
[1(S)·H·(A)2·HCl]+ , the further B-to-A molecule displace-
ment in [1(S)·H·A·B·HCl]+ is not particularly enantioselec-
tive [1=0.99 (B(R)) ; 1.35 (B(S))]. The reason for such limited
enantioselectivity is the same: namely the presence of the

Figure 7. Molecular dynamics of the heterochiral down-ext-
[1(S)·H·(A(R))2·HCl]+ structure. The A(R) molecule follows the movement
of a chiral pendant of the host and moves irreversibly from the ext to the
down region: ~: Cl�···H-N-pendant distance (QK25), ^: improper SD1

dihedral angle.

Figure 8. Molecular dynamics of the homochiral down-ext-
[1(S)·H·(A(S))2·HCl]+ structure. The A(S) molecule moves reversibly from
the ext to the down region; see Figure 7 for symbols.
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chloride ion “spacer” in [1(S)·H·A·B·HCl]+ , obliging the
proton-bonded A guest to reside in a zone of the host away
from its chiral centres.

Kinetics and enantioselectivities of the other [M·H·(A)n+1·
(HCl)n]

+
ACHTUNGTRENNUNG(n=0,1) complexes : Analysis of Table 1 reveals

that lengthening of the chiral pendants of the host from l-
valine ethyl ester (1(S)) to the d-leucyl-d-valine (2(R)) and d-
valyl-d-leucine (3(R)) methyl esters has a significant effect on
the kinetics and the enantioselectivities of the B-to-A dis-
placements in the diastereomeric [M·H·A]+ complexes. In
particular, while the 1 enantioselectivity factors for the B-in-
duced displacement in [1(S)·H·A]+ [1=0.39	0.02 (B(R)) ;
0.45	0.02 (B(S))] and in [3(R)·H·A]+ [1=0.55	0.02 (B(R)) ;
0.51	0.01 (B(S))] are wholly comparable, those for the same
reaction with [2(R)·H·A]+ are significantly different and
close to unity [1=1.05	0.05 (B(R)) ; 1.26	0.04 (B(S))] . This
observation suggests that the most populated [3(R)·H·A]+

structure strictly resembles the corresponding ext-[1(S)·H·A]+

one, in which the A guest is proton-bonded to one of the va-
linamido carbonyls of the host (Figure 9). In [2(R)·H·A]+ , the
same interaction instead connects the A moiety with the
leucinamido carbonyls of the host. The different physical en-
vironment of the departing A in the B-to-A displacement
may be responsible for the different 1 values between ext-
[2(R)·H·A]+ and the ext-[1(S)·H·A]+/ext-[3(R)·H·A]+ pair.

The effects of the lengths of the chiral pendants of the
host also extend to the enantioselectivities of the B-to-A
displacements in the diastereomeric [M·H·(A)2·HCl]+ com-
plexes. In particular, both the sequential base-induced losses
of the A molecule from the [3(R)·H·(A)2·HCl]+ adducts
[Eqs. (3), (4)] are appreciably faster and more selective (1=

0.68	0.02 [Eq. (3)], 0.71 [Eq. (4)] (B(R)) ; 0.66	0.04
[Eq. (3)], 0.60 [Eq. (4)] (B(S))) than the same processes with
[1(S)·H·(A)2·HCl]+ and [2(R)·H·(A)2·HCl]+ (Table 1). Such a

significant enantioselectivity can be accounted for by the
fact that in [M·H·(A)2·HCl]+ the chloride ion occupies a po-
sition nearby the arrow in Figure 9 and therefore pushes the
AH+ moiety down to the host pendants (Figures S4 and S8
of the Supporting Information). Unlike in the diastereo-
meric [1(S)·H·(A)2·HCl]+ structures, the proton-bonded A
guests in the [3(R)·H·(A)2·HCl]+ congeners are still close to
the Cl� “spacer”, but now they are surrounded by the chiral
leucine methyl ester tails. If they are instead surrounded by
the less encumbered valine methyl ester ones, as in
[2(R)·H·(A)2·HCl]+ , the enantioselectivity of the first B-to-A
displacement is strongly reduced and even inverted [1=

1.05	0.02 (B(R)) ; 1.87	0.18 (B(S)) ; Table 1], whereas that of
the further B-to-A displacement is essentially unchanged.

Such a pronounced variability of the enantioselectivity
factors as a function of the natures and the isomeric struc-
tures of the chiral pendants of the flexible 1–3 hosts does
not find any correspondence in the family of the rigid hosts
4 and 5. Here, in fact, both the measured 1 and x factors are
close to unity (Table 1). A major reason for such different
behaviour can be found in the “open” cavity of the host,
caused by the specific position of the chiral cyclohexane (4)
and diphenylethane (5) moieties placed at the largest dis-
tance from each other. With this rigid arrangement, the host
is not able to exert any significant chiral discrimination
either towards the amphetamine moiety or towards the in-
coming 2-aminobutane reactant.

Conclusion

The experimental and computational results illustrated
above shed some light on the specific noncovalent interac-
tions operating between the amphetamine (A) enantiomers
and the chiral amido[4]resorcinarene receptors M=1–5.
They indicate that the gas-phase kinetics and enantioselec-
tivities of the base-induced displacement reactions between
the 2-aminobutane enantiomers (B) and the diastereomeric
[M·H·A]+ complexes are mainly determined by structural
and dynamic factors, including the lengths and the isomeric
structures of the host asymmetric pendants and the frequen-
cies and the amplitudes of the oscillation of the proton-
bonded A molecules in the ext region of the host. The same
factors also determine the kinetics and the enantioselectivi-
ties of the B-induced displacement sequences on the diaste-
reomeric [M·H·(A)2·HCl]+ complexes. The presence of the
chloride ion “spacers” strongly anchors the chiral A guests
and keeps them away from the chiral centres of the host.
The consequence is an increased B-to-A exchange rate, ac-
companied by reduced enantioselectivity. This effect is par-
ticularly evident with amido[4]resorcinarene hosts contain-
ing short l-valinamido pendants, such as 1(S). With those
containing longer dipeptidic pendants, such as 2(R) and 3(R),
the effect depends on the isomeric structures of the pend-
ants themselves.

The dynamics of the diastereomeric [M·H·(A)2·HCl]+

complexes may also play a role in determining chiral dis-
Figure 9. Most favoured proton-bond interactions between A and the
pendants of M in the ext-[M·H·A]+ complexes (M=1–3).
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crimination of the amphetamine enantiomers. Thus, the ext
A(R) molecule in the heterochiral down-ext-
[1(S)·H·(A(R))2·HCl]+ structure may follow the movements of
the chiral pendants of the host and move rapidly from the
ext to the down region. In the same way, the ext A(S) mole-
cule in the homochiral down-ext-[1(S)·H·(A(S))2·HCl]+ struc-
ture follows the same movement, which has been simulated
as a fully reversible one. This is another case illustrating the
importance of the structural flexibility of the receptor in de-
termining differential conformational entropy penalties in
their complexation with several inhibitors.[20,21]

This kinetic and dynamic study of tailor-made simplified
models may be considered a starting point for deeper com-
prehension of the factors determining the different affinities
of d- and l-amphetamine towards various chiral receptors,
their selective binding to the monoamine transporters and
their sensitivity to inorganic ions such as Cl�.

Experimental Section

Materials : Enantiomerically pure compounds M=1–5, in their flattened-
cone conformations, were synthesized and purified by established proce-
dures.[22] Enantiomerically pure A(S) and A(R) hydrochlorides (AH+ ·Cl�)
were purchased from a commercial source and used without further pu-
rification. The same source provided the (R)-(�)- (B(R)) and (S)-(+)-2-
butylamine (B(S)), which were degassed in the vacuum manifold with sev-
eral freeze-thaw cycles. The free amphetamines A—that is, either A(S) or
A(R) amines—were obtained by treatment of the corresponding hydro-
chloride enantiomer with aqueous NaHCO3 (1n).

FT-ICR experiments : The experiments were carried out as described
elsewhere.[11–15] In particular, they were performed at room temperature
in an APEX 47e FT-ICR mass spectrometer fitted with an ESI source
(Bruker Spectrospin) and a resonance cell (“infinity cell”) located be-
tween the poles of a superconducting magnet (4.7 T). Stock CH3OH solu-
tions of M=1–5 (1K10�5m), each containing a fivefold excess of the ap-
propriate enantiomer of the free amphetamine (A) or of its hydrochlo-
ride (AH+ ·Cl�), were electrosprayed through a heated capillary (130 8C)
into the external source of the FT-ICR mass spectrometer. The resulting
ions were transferred into the resonance cell by use of a system of poten-
tials and lenses and were quenched by collisions with methane pulsed
into the cell through a magnetic valve. ESI of M/A methanolic solutions
leads to the formation of abundant signals, corresponding to the natural
isotopomers of the proton-bound complex [M·H·A]+ . The same com-
plexes are formed from ESI of M/AH+ ·Cl� methanolic solutions, togeth-
er with appreciable amounts of the
higher-order proton-bound
[M·H·(A)2·HCl]+ aggregates. Both
complexes were monitored and isolat-
ed by broad-band ejection of the ac-
companying ions. Either the [M·H·A]+

family or the [M·H·(A)2·HCl]+ one
were allowed to react with the chiral
amine B present in the cell at a fixed
pressure, the value of which ranged
from 2.3K10�8 to 1.1K10�7 mbar de-
pending upon its reactivity.

Docking and molecular dynamics cal-
culations : All the computational calcu-
lations were carried out and visualized
on Intel Linux PCs incorporating Pen-
tium IV CPUs. The Maestro GUI was
used as an interface to the software
MacroModel 8.6 and 9.0.[23] Molecular

Mechanics (MM) calculations (docking) and Molecular Dynamics (MD)
simulations were performed with use of the AMBER* force field as im-
plemented in MacroModel. No cutoff was applied for the nonbonded in-
teractions, and the calculations were performed in the gas phase, with se-
lection of the constant dielectric treatment (dielectric constant e =1.0).
RESP partial atomic charges,[24] for use in the docking and MD simula-
tions, were obtained by use of the Amber molecular dynamics package,[25]

starting from ESP charges, obtained from quantum mechanics calcula-
tions performed with Gaussian03 software.[26]

ESP charges of the protonated amido[4]resorcinarene [1(S)·H]+ [11–15] were
calculated by fitting of ab initio HF/6–31G* molecular electrostatic po-
tential on portions of the molecule (the resorcarene nucleus and the pro-
tonated and the nonprotonated chains, shown in Figure 10), optimized at

a 6–31G* level, while in the case of the guests A and AH+ , the fitting
was done on the entire molecular structure. Before ab initio optimiza-
tions, a minimum energy conformation of the host, derived from previous
studies,[13] was fragmented and optimized with the semiempirical method
AM1. In the case of the guests, the AM1 optimization was instead pre-
ceded by a conformational search performed, with the default MacroMo-
del protocol, to locate their corresponding global minimum conforma-
tions. The partial atomic charges are specified in the last column of the
Cartesian coordinate structures enclosed as Supporting Information (SI;
mol2 format).

Insights into the structures and the dynamics of the proton-bound com-
plexes [1(S)·H·A] and [1(S)·H·(A)2·HCl]+ were obtained by recognition
simulations, by use of three computational methodologies implemented
in MacroModel: that is, the two statistical conformational search proce-
dures—i) Monte Carlo Multiple Minimum (MCMM)[27] and ii) Monte
Carlo Multiple Minimum/Low Mode Conformational Search (MCMM/
LMCS)[28]—and iii) constant temperature MD runs. In the case of the

Figure 10. From left to right: fragments (the resorcarene nucleus, the pro-
tonated chain and the nonprotonated chain) of the amido[4]resorcinar-
ene [1(S)·H]+ for which atomic ESP partial charges were calculated by fit-
ting of ab initio HF/6–31G* molecular electrostatic potentials on portions
of the molecule.

Figure 11. Left: Structural descriptor SD1, defined to classify the output MCMM/MOLS docking geometries
and to graphically depict MD simulations for [1(S)·H·A]+ . Right: Structural descriptor SD2, defined to classify
the output MCMM/MOLS docking geometries and to graphically depict MD simulations for the oscillations
of A in ext-[1(S)·H·A]+ .
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Monte Carlo approaches, the conformational analysis of all the interact-
ing partners was coupled with random rototranslations (MOLS com-
mand) of the guest species (A, AH+ , Cl�, depending on the simulated
complex) relative to the [1(S)·H]+ host kept still in the 3D space
(MCMM/MOLS and MCMM/LMCS/MOLS dockings). MCMM/LMCS/
MOLS docking was added in this study to the already applied MCMM/
MOLS protocol[11–15] so as to increase the probability of producing com-
plete and reasonably homogeneous sampling of the whole potential
energy hypersurfaces of our systems. We have indeed already observed
that the number of rotatable bonds moved in each docking run (more
than 20) was well over the maximum allowed to guarantee exhaustive
searches.[14] Each MCMM/MOLS or MCMM/LMCS/MOLS run consisted
of 20000 steps. A randomly variable number of rotatable bonds of the
pendants of 1(S) and of A, ranging from 2 to N�1 (N represents the over-
all number of variable torsion angles defined in the command file), was
subjected to random step variations in the 08–1808 range. With
[1(S)·H·A]+ , a total number of 23 torsional degrees of freedom was ana-
lysed (the flexibility of the resorcarene skeleton was not directly sam-
pled),[11–15] while with [1(S)·H·(A)2·HCl]+ , this number increased to 27.
The rototranslations of the guest species were limited by the maximum
values of 1808 for the rotational angle and of 3 Q for the translational
movement. In each MCMM/LMCS run, 50% of the steps were LMCS
moves. Energy minimizations were performed by the Truncated Newton
conjugate gradient (TNCG) procedure and were terminated when the
energy gradient root mean square (rms) fell below 0.01 kJmol�1Q�1. A
comparison among the heavy atoms of the output structures was per-
formed in order to eliminate duplicate conformations, 1.0 Q being select-
ed as the maximum allowable separation between pairs of corresponding
atoms after superimposition (MULT procedure). All the unique conform-
ers that differed from the global minimum-energy conformation by less
than 20 kJmol�1 were saved.

Constant temperature MD simulations with generation of the canonical
ensemble were performed at 300 K with a time step of 1.5 fs. The
SHAKE algorithm was applied to constrain bonds to hydrogen atoms.
Coupling between the temperature bath and the molecules was updated
every 0.2 ps. The equilibration period was 50 ps for every run, while the
total simulation time was 20 ns. During each trajectory, 5000 structures
(frames) were sampled at regular intervals throughout the time course,
and were graphically depicted by relating SD to the frame number. Fur-
thermore, all the frames from each MD simulation were fully minimized
by the Truncated Newton conjugate gradient (TNCG) procedure until an
energy gradient root mean square (rms) below 0.01 kJmol�1 Q�1 and in-
corporated into the corresponding docking output through a further
MULT procedure, with the aim of increasing the number of collected ge-
ometries. Each recognition simulation (both docking and molecular dy-
namics) was repeated a few times starting from different arbitrary geo-
metries to produce complete sampling of the whole potential energy hy-
persurface of the selected [1(S)·H·A]+ or [1(S)·H·(A)2·HCl]+ system. The
convergence of the results guarantees the completeness of the study.

The overall conformation of each output docking geometry was classified
by the values taken by the ad hoc defined structural descriptors shown in
Figure 11 (SD1 and SD2).
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