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bstract

The effects of the physical environment on the molecular recognition of some aromatic amino esters (A = 3-(3,4)dihydroxyphenyl)alanine methyl
ster (DOPAOMe), 3-(3,4)dihydroxyphenyl)alanine ethyl ester (DOPAOEt) and tryptophan ethyl ester (trpOEt)) by the flattened-cone 2,8,14,20-
etrakis(L-valinamido)[4]resorcinarene (1L) have been investigated in both the gas-phase by ESI-MS spectrometry and in CDCl3 solutions by 1H
nd 13C NMR spectroscopy. It is found that the non-covalent [1L·H·DOPAOMe]+ and [1L·H·DOPAOEt]+ complexes are stable in the gas-phase.
he last one is stable in CDCl solutions as well, while [1 ·H·trpOEt]+ is not. The formation of the stable [1 ·H·DOPAOEt]+ complex in CDCl
3 L L 3

s not affected by the presence of traces of additives, like D2O, DCl or ethyl acetate, or by absorption on silica. APT-13C NMR analysis of
1L·H·DOPAOEt]+ suggests that the amino ester is mainly located inside the resorcinarene cavity, in conformity with the most stable structure
rising from MC/MD simulations.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since intact non-covalent complexes have been observed
or the first time by electrospray mass spectrometry (ESI-MS),
he interest in the field has constantly been growing [1]. The
toichiometry, the stability constant, and the reactivity of non-
ovalent complexes can be determined so easily by ESI-MS that
his methodology represents nowadays an essential tool for the
dentification and structural characterization of biomolecules,
ike proteins [2–8]. Indeed, much effort has been devoted to the
SI-MS study of the structures and binding strengths of unsol-
ated protein complexes and to the assessment of the intervening
on-covalent interactions [9–11]. The validity of these pieces of
nformation, referred to unsolvated systems, in reproducing the

ctivity and selectivity of real biomolecules, normally operating
n liquid media, is still open to question. By one side, gas-
hase information reveals of utmost importance for modelling

∗ Corresponding authors. Tel.: +39 06 49913497; fax: +39 06 49913602.
E-mail address: maurizio.speranza@uniroma1.it (M. Speranza).
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he selectivity and catalytic properties of proteic biopolymers,
f one considers the extensive, if not complete desolvation of

guest molecule when entering the hydrophobic cavity of an
nzyme. On the other side, no information is available on the
rigin of the charged complexes detected by ESI-MS, whether
re-formed in solution or generated in the ESI source by sol-
ent evaporation of charged droplets. In other words, a mass
etected non-covalent complex may be stable in the unsolvated
tate and representative of the same species stable in solution
r, rather, it may be either unstable in solution or, if sufficiently
table, endowed with structural and reactivity properties com-
letely different from those of the same unsolvated complex.
hese points have been addressed in the present comparative
MR and FT-ICR study.

. Results and discussion
We took, as representative example, the complexes between
he enantiomers of 3-(3,4-dihydroxyphenyl)-alanine esters
DOPAOMe and DOPAOEt in Fig. 1) and the amido[4]reso-
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20 ns, named down and up (Fig. 3) [19].

The more stable down regioisomer features the guest located
in the three-dimensional region surrounded by the four chiral
pendants of [1L·H]+ (down in Fig. 3) [19]. Conversely, in the
ig. 1. Formula of flattened-cone 2,8,14,20-tetrakis(L-valinamido)[4] resorcina
ster (DOPAOMe); 3-(3,4-dihydroxyphenyl)-alanine ethyl ester (DOPAOEt) an

cinarene 1L, a potential enzyme mimic. As shown in Fig. 1,
acrocycle 1L is endowed with a cavity-shaped dissymmetric

rchitecture due to the presence of suitably located side chains
pendants W in Fig. 1) containing the chiral L-valine group.

This study comes into a more comprehensive FT-ICR
nvestigation on the gas-phase enantioselectivity of the chiral

icrocycle 1L towards a number of amino acid derivatives A
12–18]. The stability and reactivity of their proton-bonded
iastereomeric complexes [1L·H·A]+ was checked by measur-
ng the rate of the loss of the A component by the action of the
ure enantiomers of 2-aminobutane (B in Eq. (1)).

1L·H·A]+ + B → A + [1L·H·B]+ (1)

On the grounds of the relevant kinetic results, we could appre-
iate inter alia the occurrence of at least two stable isomeric
tructures for [1L·H·A]+ (A = 3-(3,4-dihydroxyphenyl)-alanine
DOPA), 3-(4-hydroxyphenyl)-alanine methyl ester (tyrOMe)
nd tryptophan (trp) since the corresponding displacement reac-
ions (1) invariably exhibit a bi-exponential kinetics, like shown
n Fig. 2a. The time dependence of the more reactive iso-

er (fast channel; solid circles in Fig. 2a) can be inferred
rom the overall [1L·H·A]+ decay (open circles in Fig. 2a)
fter subtracting the first-order decay of the less reactive iso-
er (slow channel; upper line of Fig. 2a). The two isomeric

tructures react with the amine B at rates differing by a factor
anging from ca. 48 to 90. The Y-intercepts of the first-order
ecay of the fast and the slow channel provide an estimate
f their relative distribution. The same behaviour is presently
bserved for the diastereomeric [1L·H·DOPAOMe]+ complexes,
hereas the homologous [1L·H·DOPAOEt]+ ones follow a
ono-exponential kinetics (Fig. 2b).
Some important pieces of information on these stable iso-

eric structures were obtained by a computational approach

13,15]. Several low-energy structures for the diastereomeric
1L·H·A]+ complexes have been recognized by molecular
echanics (MM) calculations (docking). Mixed-mode Monte
arlo and molecular dynamics (MC/MD) simulations, starting

F
(
g
[

(1L); formulae of the enantiomers of 3-(3,4-dihydroxyphenyl)-alanine methyl
tophan ethyl ester (trpOEt).

rom the global minima of the docking-generated structures,
esulted into only two collapsed structures, persisting for at least
ig. 2. (a) Kinetic plot for the gas-phase reaction between s-(+)-2-butylamine
PB = 1.4 × 10−7 mbar) and [1L·H·L-DOPAOMe]+. (b) Kinetic plot for the
as-phase reaction between s-(+)-2-butylamine (PB = 3.8 × 10−7 mbar) and
1L·H·L-DOPAOEt]+.
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Fig. 3. Front view of the fully minimized structures of the up and down regioiso-
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Table 1
Percent distribution of isomeric [1L·H·A]+ structures

Guest (A) [1L · H · A]+fast [1L · H · A]+slow Source

D-tyrOMe 20 ± 3 80 ± 3 Ref. [16]
L-tyrOMe 23 ± 2 77 ± 2 Ref. [16]

D-trp 32 ± 5 68 ± 5 Refs. [15,16]
L-trp 35 ± 3 65 ± 3 Refs. [15,16]

D-DOPA 20 ± 4 80 ± 4 Refs. [13,14]
L-DOPA 19 ± 3 81 ± 3 Refs. [13,14]

D-DOPAOMe 11 ± 6 89 ± 6 This work
L-DOPAOMe 26 ± 9 74 ± 9 This work
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ers of [1L·H·D-DOPA]+. Similar structures have been obtained using tyrOMe

nd trp, as guests (refs. [15,16]).

ess stable up regioisomer, the guest is placed in the achiral
pper-rim cavity of [1L·H]+ (up in Fig. 3). The most stable down
egioisomer is identified as responsible of the slow component
f the bi-exponential decay curve of Fig. 2a, whereas the fast
omponent of the curve is obviously attributed to the less stable
p regioisomer.

Table 1 reports the relative distribution of the two [1L·H·A]+

egioisomers estimated from kinetic analysis of the correspond-
ng kinetic curves. Table 2 gives the rate constants k for all the
isplacement reactions (1), together with the relevant enantios-
lectivity factors ρ and ξ. The ρ term measures the effect of
he amino acid configuration on the exchange reaction, while
he ξ parameter weights the effect of the amine B configura-
ion on the exchange reaction. A ρ > 1 value indicates that the
mine B displaces the d-enantiomer of A (A ) faster that the l-
D
nantiomer (AL) from the relevant diastereomeric [1L·H·AD]+

nd [1L·H·AL]+ complexes. The opposite is true when ρ < 1.
ρ = 1 value corresponds to equal displacement rates. Analo-

i
f
L

able 2
xchange rate constants (k × 10−12 cm3 molecule−1 s−1)

uest (A) (r)-(−)-C4H9NH2

k Eff. (%)a ρ

-tyrOMe Fast 163 ± 19 14.6
0.62 ± 0.17

-tyrOMe Fast 261 ± 30 23.4

-tyrOMe Slow 12 ± 1 1.04
0.63 ± 0.06

-tyrOMe Slow 18 ± 1 1.64

-trp Fast 182 ± 4 15.7
1.60 ± 0.11-trp Fast 114 ± 4 9.8

-trp Slow 15 ± 1 1.30
1.07 ± 0.13

-trp Slow 14 ± 1 1.21

-DOPA Fast 228 ± 8 20.4
0.76 ± 0.04-DOPA Fast 300 ± 9 26.9

-DOPA Slow 7.3 ± 0.8 0.65
0.73 ± 0.13

-DOPA Slow 10.0 ± 0.8 0.90

-DOPAOMe Fast 169 ± 13 14.5
2.73 ± 0.45

-DOPAOMe Fast 62 ± 7 5.3

-DOPAOMe Slow 1.88 ± 0.03 0.16
1.92 ± 0.12

-DOPAOMe Slow 0.98 ± 0.04 0.08

-DOPAOEt 0.62 ± 0.03 0.05
0.59 ± 0.07

-DOPAOEt 1.04 ± 0.05 0.09

a The reaction efficiency (eff) is calculated as the percent ratio between the measur
he trajectory calculation method [25].
-DOPAOEt – 100 This work
-DOPAOEt – 100 This work

ously, a ξ > 1 value indicates that the displacement of the A
uest from a given [1L·H·A]+ diastereomer is faster with the
-amine (BR) than with the s-one (BS). Again, the opposite is
rue when ξ < 1. A ξ = 1 value corresponds to equal displacement
ates. On the grounds of the ρ and ξ factors, shown in Table 2, it
s evident that the efficiency of the gas-phase exchange reaction
1) is appreciably dependent not only on the configuration of
oth A and B, but also on the specific structure (down or up) of
he starting [1L·H·A]+ complex.

Once having ascertained the occurrence and the long life-
ime of the selected [1L·H·A]+ complexes in the gas-phase (at
ng step was to verify whether the same complexes are actually
ormed in solution. For this purpose, two solutions of free
-DOPAOEt in CDCl3 (0.8 mL, 20 �mol/mL) were prepared

(s)-(+)-C4H9NH2 ξ

k Eff. (%)a ρ

130 ± 4 11.7
0.72 ± 0.10

1.25 ± 0.19
180 ± 9 16.2 1.45 ± 0.25

8 ± 1 0.73
0.51 ± 0.07

1.43 ± 0.15
16 ± 1 1.41 1.17 ± 0.11

192 ± 4 16.6
0.82 ± 0.10

0.95 ± 0.04
233 ± 20 20.1 0.49 ± 0.06

23 ± 1 1.99
0.62 ± 0.18

0.65 ± 0.04
37 ± 7 3.20 0.37 ± 0.09

126 ± 5 11.3
0.69 ± 0.11

1.81 ± 0.12
182 ± 20 16.3 1.65 ± 0.24

6.4 ± 0.8 0.57
0.81 ± 0.19

1.14 ± 0.28
7.9 ± 0.9 0.71 1.27 ± 0.25

45 ± 5 3.8
0.85 ± 0.16

3.75 ± 0.63
53 ± 3 4.5 1.17 ± 0.21

0.93 ± 0.07 0.08
0.84 ± 0.15

2.02 ± 0.17
1.10 ± 0.09 0.09 0.89 ± 0.12

0.57 ± 0.02 0.05
0.55 ± 0.04

1.09 ± 0.09
1.03 ± 0.04 0.09 1.01 ± 0.09

ed rate constants and the corresponding collision constant kC, calculated using
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Table 3
APT-13C NMR spectrum of a mixture (ca. 1:1) of 1L and L-DOPAOEt

Carbon δC (major) δC (minor) �δ

C O 172.92 172.75 +0.17
C O 172.65 172.12 +0.43
C O 156.07 156.04 +0.03
CHi 127.29 127.29 0
C C 123.57 124.03 −0.46
CDe 95.87 96.02 −0.15
OCH2 (Et) 60.79 61.09 −0.30
CHN 57.39 57.30 +0.09
OMe 55.99 55.91 +0.09
CH2 40.73 41.28 −0.55
CH (iPr) 33.76 33.24 +0.52
CH 30.96 31.22 −0.28
Me (iPr) 18.75 18.62 +0.13
Me (iPr) 18.04 18.13 −0.09
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y adding NaHCO3/D2O to the corresponding hydrochloride.
liquots (0.2 mL) of one solution were added to an equimo-

ar solution of 1L in CDCl3 up to reaching the stoichiometric
:1 equivalence. After each addition, the mixture (henceforth
enoted as G → H) was submitted to 1H and APT-13C NMR
nalysis. A second set of NMR spectra has been recorded for
he second solution by inverting the addition sequence (hence-
orth denoted as H → G). In both cases, it was not possible to
laborate a titration curve.

As regards to the 1H NMR signals pertaining the amino este-
eal guest, they were affected by the presence of residual D2O.
n particular, the OH and the NH2 groups of L-DOPAOEt, as
ell as its H-2 aromatic proton undergo effective H/D exchange.
he consequence was that the signals for to the H-5 and H-
aromatic protons appeared as doublets so broad to prevent

ny conceivable discrimination between complexed and free
mino ester. Concerning the APT-13C NMR signals of the guest,
he carbon resonances of L-DOPAOEt in H → G mixtures were
anked by smaller peaks, even though not assignable in values.
he situation was even worse for the APT-13C NMR signals of
-DOPAOEt in the guest-poor G → H mixtures.

The 1H NMR signals pertaining the amido[4]resorcinarene
L host were also affected by the presence of residual D2O. In
articular, effective H/D exchange was observed between D2O
nd the NH group of the L-valine pendants (W in Fig. 1), as
ell as the family of the He protons at C-5/11/17/23 of 1L.
mall satellite signals were observed in the 1H NMR spectra of
→ H solutions, but, as mentioned above, they were not uti-

izable for a titration curve. The corresponding APT-13C NMR
pectra are much more informative, since two separate signals
or almost all carbons of the macrocyclic host could be dis-
erned and were attributed to free (major) and complexed 1L
minor). A question now arises as to the nature of the complexed
L, whether it contains the L-DOPAOEt or else. To resolve this
oubt, the equivalent fractions of the final H → G and G → H
olutions were pooled and the solvent evaporated under vac-
um. TLC analysis (silica gel; CHCl3-EtOAc-MeOH, 90:7:3,
wo runs) of an aliquot of the solid residue revealed (UV light;

2SO4:MeOH = 1:10 spray) the presence of two components,
hich were separated by column chromatography (CC; silica
el, CHCl3:EtOAc = 80:20). The major, less polar component,
ecognized as the free 1L by 1H NMR analysis and by TLC
omparison with an authentic sample, provided a ESI-MS spec-
ra characterized by the m/z 1341.6, [1L·H]+) and m/z 1363.7,
1L·Na]+ fragments. The minor, more polar component, recog-
ized as a complexed 1L by 1H NMR analysis, gave an ESI-MS
pectrum characterized by the natural isotopic distribution of
wo ionic species starting at m/z 1567.8 ([1L·H·L-DOPAOEt]+)
nd at 1589.8 ([1L·Na·L-DOPAOEt]+). No signs of heavier frag-
ents were detected, thus supporting the hypothesis of a stable

omplex between 1L and L-DOPAOEt [20]. Notably, 20-eV col-
ision induced dissociation (CID) of the isolated m/z 1567.8
on ([1L·H·L-DOPAOEt]+) yields exclusively the corresponding

1·H]+ fragment (m/z 1341.6), as expected from the non-covalent
1L·H·L-DOPAOEt]+complex. Incidentally, the observation of
he [1L·Na]+ and [1L·Na·L-DOPAOEt]+ ions, together with
heir [1L·H]+ and [1L·H·L-DOPAOEt]+ analogues, is due to the

c
o
c
a

e (Et) 14.13 14.16 −0.03

xceedingly large affinity of 1L for the Na+ cations which are
biquitous in polar solutions kept in glassy containers.

Having assessed the identity of the guest trapped by 1L, a
urther question arises as to whether the components of the
orresponding complex are both neutral or one of them is pro-
onated. Indeed, the equilibrium constant between neutral and
rotonated L-DOPAOEt, which is obviously extremely small in
polar aprotic solvents like CDCl3, may significantly increase in
he proximity or even inside the polar protic cavity of macrocy-
le 1L. A similar effect has been recently described concerning
he stabilization of zwitterionic forms of amino acids in the gas-
hase depending upon their position relative to the hydrophilic
ower rim of the cyclodextrin cavity [21,22]. To answer the above
uestion, the remaining aliquot of the solid residue obtained by
vaporating the combined H → G and G → H solutions was dis-
olved in fresh CDCl3 (0.8 mL) and the solution washed with
2O:DCl = 10:1 (0.2 mL). Notably, the treatment with acid not
nly removed the signals of free L-DOPAOEt from the NMR
pectra, but also displayed better resolved couples of signals in
he APT-13C NMR spectrum (Table 3). This observation agrees
ith the hypothesis that protonated L-DOPAOEt is trapped in the
ydrophilic cavity of 1L. The appearance of two separated sig-
als for almost all the carbons of the host supports the presence of
he proton-bound [1L·H·L-DOPAOEt]+ complex together with
ree 1L [20]. If we assume a positive (upfield) �δ shift as due to
he proximity effect of the guest, the results of Table 3 suggest
hat L-DOPAOEt is located in the lower rim of the macrocy-
le inside its cavity with a structure closely resembling the
own structure predicted by calculations. The resonances of the
omplexed L-DOPAOEt could not be detected in view of the
nfavourable stoichiometric ratio 4:1 between the carbon units
f the pendants of 1L and those of L-DOPAOEt.

The entire procedure has been repeated using tryptophan
thyl ester L-trpOEt as a guest, instead of L-DOPAOEt. In this

ase, the NMR analysis did not show any sign of complexation
f L-trpOEt by 1L under the same experimental conditions. The
onclusive CC of 1L/L-trpOEt mixtures afforded only free 1L
nd L-trpOEt. However, the experiment could exclude that the
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oubling of carbon resonances, observed for the 1L/L-DOPAOEt

ixtures, were caused by the relatively drastic conditions
sed.

In conclusion, the present study indicates that: (1) the proton-
ound [1L·H·L-DOPAOEt]+ complex is stable not only in the
as-phase, but also in CDCl3 solution. By contrast, no complexes
etween 1L and L-trpOEt are observable in CDCl3 solution. A
lausible reason for such a difference could be found in the lower
olarity of L-trpOEt, as compared to that of the L-DOPAOEt

uest; (2) the formation of the stable [1L·H·L-DOPAOEt]+ com-
lex in CDCl3 is not affected by the presence of traces of D2O;
3) the [1L·H·L-DOPAOEt]+ complex endures also contacts with
Cl/D2O (washing procedure), as well as CHCl3/EtOAc on

ilica gel (CC); (4) the APT-13C NMR analysis of [1L·H·L-
OPAOEt]+ suggests that the guest is mainly located inside the
ost cavity, in conformity with the most stable structure arisen
rom MC/MD simulations.

. Material and methods

.1. Materials

BF3·Et2O-induced tetramerisation of (L)-(E)-N-1-(carboxy-
thyl)-2-methylpropyl)-2,4-dimethoxycinnamate has been used
n previous studies to synthesize the amido[4] resorcinarene
L in the cone geometry, together with three other stereoiso-
ers (1,2-alternate, chair-1 and chair-2) [23]. The synthetic

rocedure has been greatly improved in the present study to
btain 1L in a much better yield and purity. Resorc[4]arene
etraester (W = CH2COOEt in Fig. 1), in the cone geometry
24], was hydrolyzed (2N NaOH; EtOH-H2O, 2:1, reflux, 4 h)
o the corresponding tetraacid (W = CH2COOH in Fig. 1) and,
hen, quantitatively transformed into its acid chloride deriva-
ive (W = CH2COCl in Fig. 1), using thionyl chloride in THF
reflux, 4 h). Diisopropylethylamine (DIPEA) was then added to
he THF solution of the acid chloride derivative, under N2, and
he resulting mixture stirred at room temperature for 20 min. A
-Val-OMe·HCl/THF solution was then added dropwise to yield
ventually the amido[4]resorcinarene 1l (95% yield) which was
urified by preparative HPLC and characterized by conventional
MR, FT-IR and ESI-MS analyses. Notably, the coincident rota-

ory powers of 1l from two different preparations exclude any
onceivable racemization of the L-Val-OMe groups during the
ast step of both reactions.

A simple and safe procedure was used to prepare the pure
nantiomers of amino esters L-DOPAOMe, L-DOPAOEt and L-
rpOEt. Acetyl chloride (5 mL) was added dropwise to cooled
ry ROH (either MeOH or EtOH, 50 mL; T = 0 ◦C), in which the
orresponding amino acid (1.7 mmol) has been dissolved. The
ixture was ed under reflux for about 2 h, and then evaporated

o dryness. Aldrich Co. provided the pure r-(−) and s-(+) enan-
iomers of 2-butylamine, which were degassed in the vacuum
anifold with several freeze–thaw cycles.
Melting points were recorded on a Büchi B-545 microscope,

nd are uncorrected. FT-IR spectra were recorded as KBr pel-
ets on a Jasco FT/IR 430 spectrometer (Jasco Europe). Optical
ass Spectrometry 267 (2007) 24–29

otation values were determined on a Jasco P-1030 polarime-
er at 20 ◦C (concentrations expressed in g/100 mL; solvent:

ethanol).

.2. Mass spectrometric experiments

The FT-ICR experiments were performed at room temper-
ture in an APEX 47 e FT-ICR mass spectrometer equipped
ith an ESI source (Bruker Spectrospin) and a resonance cell

“infinity cell”) situated between the poles of a superconducting
agnet (4.7 T) [12–16]. Stock solutions of 1L (1 × 10−5 M) in
2O/CH3OH = 1:3, containing a five-fold excess of the appro-
riate amino ester A, were electrosprayed through a heated
apillary (130 ◦C) into the external source of the FT-ICR mass
pectrometer. The resulting ions were transferred into the reso-
ance cell by a system of potentials and lenses and quenched by
ollisions with methane pulsed into the cell through a magnetic
alve. Abundant signals, corresponding to the natural isotopic
istribution of the proton-bound complex [1L·H·A]+, were mon-
tored and isolated by broad-band ejection of the accompanying
ons. The [1L·H·A]+ family was then allowed to react with the
hiral amine B present in the cell at a fixed pressure whose value
anges from 8.7 × 10−8 to 4.7 × 10−7 mbar depending upon its
eactivity.

The ESI-MS experiments with a Thermo Finnegan LCQ
ECA XP Plus ion-trap mass spectrometer fitted with an

lectrospray ionization (ESI) source, equipped with a Model 75-
2 nitrogen generator (Whatman Inc., Haverhill, MA, USA).
onditions are as follows: source voltage = +5.0 kV; sheath
as = 25 AU (arbitrary units); auxiliary gas = 10 AU; 8 capillary
oltage = +3.3; capillary temperature = 180 ◦C; tube lens off-
et = +15 V. MS data were collected and processed using the
calibur Version 1.4 software.

.3. NMR experiments

1H and 13C NMR spectra (300 and 75 MHz, respectively);
MS = 0 ppm as internal standard in CDCl3. APT experiment
as chosen to better distinguish between quaternary carbons,
H2 carbons, and CD carbons (up) and CH carbons and CH3

down).
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