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The gas-phase enantioselectivity of cone N-linked peptidoresorc[4]arenes (generally symbolized as M) toward
the homologue dipeptides (generally symbolized as A) has been evaluated by measuring the kinetics of the
A release from the diastereomeric [M ·H ·A]+ complexes induced by (R)-(-)-2-butylamine (B). In most cases
investigated, the heterochiral [M ·H ·A]+ complexes, namely those wherein the configuration of the A guest
is opposite to that of the host M pendants, react faster (up to 5 times) than the homochiral analogues, wherein
guest A guest has the same configuration of the host M pendants. The kinetic results, discussed in the light
of previous MS and NMR evidence, indicate that both the efficiency and the enantioselectivity of the guest
exchange reaction depend essentially on the structure and the relative stability of the diastereomeric [M ·H ·A]+

complexes. These, in turn, depend on the functional groups and the configuration of both the guest and the
host pendants. The absence of any significant effects of the B configuration indicates that, in all systems
investigated, the dipeptide guest A is predominantly located outside the host chiral cavity.

Introduction

Enzymes are proteic biopolymers endowed with cavities of
appropriate shape and size holding suitable functionalities in
specific positions. A key supramolecular feature of enzymes is
their capability of “molecular recognition”. According to this
property, the binding and insertion into the active site of a
particular biomolecule is extremely selective and is based on
the ability of the enzyme to recognize the guest by its size,
shape, and chemical features.1-4 A significant role is also played
by the extensive desolvation of the guest molecule entering the
receptor cavity which not only favors its uptake but also greatly
enhances its reactivity.5

The amazing properties of enzymes motivate chemists for
the design of “synthetic enzymes” as exemplars for understand-
ing the mechanism of action of enzymes and for attempting to
reproduce them for practical applications. Among various
molecular platforms that can be proposed for the construction
of artificial receptors, macrocycles of multiple aromatic units
have widely been used. An important step toward the elucidation
of enzyme mechanisms requires a comprehensive kinetic study
on simplified models under conditions, like the gas phase, where
the noncovalent interactions in the guest/host complex are not
perturbed by medium effects.6

An important family of aromatic macrocycles, often employed
as building blocks in molecular recognition, are calixarenes.7

They are important cavity-forming modules and have been
exploited for the preparation of cavitands,8 (hemi)carcerands,9

and self-assembling capsules.10 Among them, only a few

examples of resorcarenes equipped with N- linked dipeptide
residues at the feet are known from the literature. In previous
studies, resorc[4]arene octamethyl ethers have been function-
alized at the feet with L- and D-valine ethyl ester units,11 and
their capability of selectively encapsulating chiral amino acids
has been investigated in the gas phase by mass spectrometry
(MS)12 as well as in solution by NMR spectroscopy.13 Later
on, the same methodologies have been employed to functionalize
at the feet resorc[4]arene octamethyl ethers with leucyl-valine
(LL-(IL); DD-(ID); Chart 1) and valyl-leucine (LL-(IIIL); DD-(IIID);
Chart 1; see Supporting Information) methyl esters and to
investigate their affinity toward the same dipeptide esters used
in their synthesis, namely, leucyl-valine-OMe (LL-(1L); DD-
(1D); Chart 1) and valyl-leucine-OMe (LL-(3L); DD-(3D); Chart
1).14 It was found that macrocycles I and III (henceforth
symbolized as M) are capable of selectively encapsulating the
homologue dipeptides 1 and 3 (henceforth symbolized as A),
respectively, both in solution and in the gas phase, and of
forming relatively stable host/guest [M ·A] complexes resistant
to chromatographic purification but not to heating. On the
grounds of NMR DOSY evidence, the homochiral [IL ·1L]
complex was appreciably more stable than the heterochiral
[IL ·1D] one, at least in CDCl3 at room temperature. Finally, NMR
1D ROESY experiments suggested that the interaction between
the resorcarene host and the dipeptide guest in [IL ·1L] mainly
occurs at the external surface of the host by means of attractive
hydrogen bonding among the polar groups of the A and the M
pendants. Along this line, we focus our attention on measuring
the gas-phase enantioselectivity of the reaction between proton-
bound diastereomeric [M ·H ·A]+ (M ) I-IV; A ) 1-3)† Part of the “Vincenzo Aquilanti Festschrift”.
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complexes toward (R)-(-)-2-butylamine (B) (eqs 1a and 1b).
The aim of this study is to shed some light on the specific M/A
interactions in [M ·H ·A]+ through (a) the measure of the effects
of both the guest A and the host M configuration on the reaction
enantioselectivity, (b) the measure of the effects of the amino
acid sequencing in the dipeptide esters as well as in the di-
peptidic pendants of the hosts M, and (c) the measure of the
effects of the -COOR function (R ) H, CH3, C2H5) in the
guest A and the host M pendants.

Results and Discussion

The proton-bonded two-body complexes [M ·H ·A]+ have
been generated by electrospray ionization (ESI) into a Fourier
transform ion cyclotron resonance mass spectrometer (FT-
ICR-MS) and allowed to react with B, present in the FT-
ICR-MS cell at fixed concentrations. The formation of the
reaction product [M ·H ·B]+ was monitored as a function of
time t. If I is the intensity of complex [M ·H ·A]+ at the delay
time t and I0 is the sum of the intensities of [M ·H ·A]+ and
[M ·H ·B]+, linear ln(I/I0) vs t plots were invariably observed
in the reaction of amine B with all the [M ·H ·A]+ (M )
I-III) complexes (correlation coefficient 0.984 < r2 < 0.999)
(Figure 1). Their exceedingly good linearity indicates that a
single [M ·H ·A]+ (M ) I-III) structure is predominantly
formed and thermalized by multiple unreactive collisions with
argon before reacting with B.

In contrast, biexponential kinetics are observed with
[IV ·H ·A]+ (Figure 2). As pointed out in related studies,12 this
kinetic behavior is ascribed to the occurrence of two stable
isomeric [IV ·H ·A]+ structures, one less reactive ([IV ·H ·
A]+slow) and the other more reactive ([IV ·H ·A]+fast). The time
dependence of [IV ·H ·A]+fast (correlation coefficient 0.983 <
r2 < 0.999) (lines at the bottom of Figure 2) can be inferred
from the overall [IV ·H ·A]+ decay after subtracting the first-
order decay of [IV ·H ·A]+slow (correlation coefficient 0.988 <
r2 < 0.997) (lines at the top of Figure 2). The two isomeric
structures react with the amine B at rates differing by a factor
of ca. 20. The Y-intercepts of the first-order decay of
[IV ·H ·A]+slow and [IV ·H ·A]+fast provide an estimate of their
relative distribution.

The pseudo-first-order rate constants k′ of eqs 1a and 1b were
obtained from the slopes of the relevant ln(I/I0) vs t plots. The
corresponding second-order rate constants k are calculated from
the ratio between the slope of the first-order plots and the
concentration of B. Their values, compared with the relevant
collision rate constants (kcoll), estimated according to Su’s
trajectory calculation method,15 provides the efficiency of the
reaction (eff ) 100k/kcoll) (figures in parentheses in Table 1).

The reaction enantioselectivity is defined by the γD ) kDD/kDL

and γL ) kLL/kLD ratios, which provide a measure of the effect
of the guest A configuration relative to that of the host M

CHART 1: Formulas of
2,8,14,20-Tetrakis(leucyl-valinamido)resorc[4]arene
Methyl (ID/L) and Ethyl Tetra-ester (IIL);
2,8,14,20-Tetrakis(valyl-leucinamido)resorc[4]arene Ethyl
Tetra-ester (IIID/L) and Tetra-acid (IVD/L)) and of
Leucyl-Valine-OMe (1D/L), L-Leucyl-L-Valine-OEt (2L),
and Valyl-Leucine-OMe (3D/L)a

a The asterisks denote the chiral centers, either LL or DD.

[ML ·H ·AL]+98
kLL

+B - AL

[ML ·H ·B]+ 79
kLD

+B - AD

[ML ·H ·AD]+

(1a)

[MD ·H ·AL]+98
kDL

+B - AL

[MD ·H ·B]+ 79
kDD

+B - AD

[MD ·H ·AD]+

(1b)

Figure 1. Typical monoexponential kinetics of some representative
[M ·H ·A]+ (M ) I-III) complexes. Other systems with M ) I-III
not included in the figure behave similarly.

Figure 2. Typical biexponential kinetics of some representative
[IV ·H ·A]+ complexes. Other systems with M ) IV not included in
the figure behave similarly.
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pendants (Figure 3). The closeness of the γL vs γD points of
Figure 3 to the broken line of unity slope (γL ) γD) suggests
that the B configuration plays no appreciable role in the reaction
1a and 1b kinetics. According to Figure 3, the heterochiral
[M ·H ·A]+ (M ) I-III) complexes are more reactive than their
homochiral counterparts, as witnessed by the relevant γ factors
which invariably fall well below unity (0.31 ( 0.03 < γD < 0.75
( 0.03; 0.21 ( 0.02 < γL < 0.50 ( 0.02). In contrast, the slow
components of the heterochiral [IV ·H ·3]+ complexes appear
less reactive than their homochiral counterparts (γD ) 1.86 (
0.28; γL ) 1.74 ( 0.26), while their fast isomers are equally
reactive (γD ≈ 1; γL ≈ 1). Finally, both the fast and the slow
components of the diastereomeric [IV ·H ·1]+ pair show no
significant enantioselectivity (γD ≈ 1; γL ≈ 1).

The effect of estereal function (COOMe vs COOEt) of the
dipeptidic guest on the reaction kinetics is expressed by the rate
constant ratios εG of Table 2. The εH factors of Table 3 instead
provide a measure of the effect of the COOR (R ) H, CH3, or
C2H5) functionality of the host pendants. The rate constant ratios

σG of [M ·H ·1]+ vs [M ·H ·3]+, with the guests having the same
configuration, provide a measure of the effect of the amino acid
sequence of the guest (Table 4). Similarly, the rate constant
ratios σH of [I ·H ·A]+ vs [III ·H ·A]+, with the hosts having
the same configuration, provide a measure of the effect of the
amino acid sequence in the host pendants (Table 5).

The effects of the estereal functionalities of both the guest
(εG) and the host pendants (εH) on the reaction kinetics is as
large as their values diverge from unity. The same can be said
as regards to the effects of the peptide sequencing in the guest
(σG) and in the host pendants (σH) on the reaction kinetics.

The lack of any appreciable effects of the B configuration
on the reaction 1a and 1b kinetics suggests that the B amine
can displace the neutral dipeptide A from the complex without
necessarily entering the chiral lower-rim cavity of the host. Since
the displacement requires the direct transfer of the proton from
the guest to the amine B, the lack of B configurational effects

TABLE 1: Configurational Effects on Reaction Kineticsa

host configuration

guest (A) host D L

1D I kDD ) 1.70 ( 0.13 (1.5) kLD ) 4.76 ( 0.29 (4.1)
1L kDL ) 3.88 ( 0.18 (3.3) kLL ) 1.50 ( 0.12 (1.3)
1D III kDD ) 0.88 ( 0.07 (0.8) kLD ) 3.09 ( 0.23 (2.7)
1L kDL ) 2.86 ( 0.16 (2.6) kLL ) 0.73 ( 0.06 (0.6)
1D fast IV kDD ) 1.46 ( 0.16 (1.2) kLD ) 1.29 ( 0.15 (1.1)
1L fast kDL ) 1.48 ( 0.16 (1.3) kLL ) 1.18 ( 0.13 (1.0)
1D slow IV kDD ) 0.08 ( 0.01 (0.1) kLD ) 0.08 ( 0.01 (0.1)
1L slow kDL ) 0.09 ( 0.01 (0.1) kLL ) 0.07 ( 0.01 (0.1)
3D I kDD ) 2.83 ( 0.16 (2.4) kLD ) 4.96 ( 0.21 (4.3)
3L kDL ) 3.76 ( 0.18 (3.2) kLL ) 2.49 ( 0.13 (2.1)
3D III kDD ) 1.47 ( 0.10 (1.3) kLD ) 4.95 ( 0.33 (4.3)
3L kDL ) 4.09 ( 0.27 (3.5) kLL ) 1.03 ( 0.09 (0.9)
3D fast IV kDD ) 1.31 ( 0.14 (1.1) kLD ) 1.25 ( 0.14 (1.1)
3L fast kDL ) 1.44 ( 0.15 (1.2) kLL ) 1.32 ( 0.14 (1.1)
3D slow IV kDD ) 0.14 ( 0.01 (0.1) kLD ) 0.07 ( 0.01 (0.1)
3L slow kDL ) 0.07 ( 0.01 (0.1) kLL ) 0.12 ( 0.01 (0.1)
1D II kLD ) 5.41 ( 0.32 (4.7)
1L kLL ) 1.76 ( 0.13 (1.5)
2L I kDL ) 2.13 ( 0.14 (1.8) kLL ) 0.96 ( 0.07 (0.8)
2L II kLL ) 1.45 ( 0.12 (0.8)
2L III kLL ) 0.35 ( 0.04 (0.3)
3L II kLL ) 3.82 ( 0.19 (3.3)

a 1011k cm3 molecule-1 s-1; reaction efficiency in parentheses (eff
) 100 × k/kcoll, with the collision constant kcoll as calculated
according to ref 15).

Figure 3. Reaction enantioselectivity: γL vs γD correlation.

TABLE 2: Effects of the -COOR Group of the Guest (εG)

guest (I)
leu-valOMe

guest (II)
leu-valOEt host (M)

εG ) (kXY([M ·H ·Guest (I)]+))/
(kXY([M ·H ·Guest (II)]+))

1L 2L IL 1.56 ( 0.17
1L 2L ID 1.82 ( 0.16
1L 2L IIL 1.21 ( 0.13
1L 2L IIID 1.78 ( 0.17
1L 2L IIIL 2.09 ( 0.28

TABLE 3: Effects of the -COOR Group of the Host
Pendants (εH)

guest A host (I) host (II)
εH ) (kXY([Host (I) ·H ·A ]+))/

(kXY([Host (II) ·H ·A ]+))

R ) CH3 R ) C2H5

1D IL IIL 0.88 ( 0.07
1L IL IIL 0.85 ( 0.09

R ) CH3 R ) H
1D IIIL IVL fast 2.39 ( 0.33

slow 39.6 ( 5.9
1L IIIL IVL fast 0.62 ( 0.08

slow 9.86 ( 1.56
1L IIID IVD fast 1.93 ( 0.25

slow 32.5 ( 4.1
1D IIID IVD fast 0.60 ( 0.08

slow 10.6 ( 1.5
3D IIIL IVL fast 3.96 ( 0.52

slow 71.7 ( 11.4
3L IIIL IVL fast 0.78 ( 0.11

slow 8.58 ( 1.04
3L IIID IVD fast 2.84 ( 0.35

slow 55.3 ( 8.3
3D IIID IVD fast 1.12 ( 0.14

slow 10.6 ( 2.1

TABLE 4: Effects of the Amino Acid Sequence in the
Peptidic Guest (σG)

guest (I)
val-leuOMe

guest (II)
leu-valOMe host (M)

σG ) (kXY([M ·H ·Guest (I)]+))/
(kXY([M ·H ·Guest (II)]+))

3D 1D ID 1.66 ( 0.17
3L 1L ID 0.97 ( 0.07
3D 1D IL 1.04 ( 0.08
3L 1L IL 1.66 ( 0.17
3L 1L IIL 2.17 ( 0.19
3D 1D IIID 1.67 ( 0.17
3L 1L IIID 1.43 ( 0.12
3D 1D IIIL 1.60 ( 0.16
3L 1L IIIL 1.41 ( 0.16
3D 1D IVD fast 0.90 ( 0.14
3D 1D IVD slow 1.66 ( 0.37
3L 1L IVD fast 0.97 ( 0.15
3L 1L IVD slow 0.84 ( 0.15
3D 1D IVL fast 0.97 ( 0.16
3D 1D IVL slow 0.88 ( 0.17
3L 1L IVL fast 1.12 ( 0.17
3L 1L IVL slow 1.62 ( 0.26
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points to a most favored [M ·H ·A]+ structure wherein the A
guest is essentially located on the external surface of the host
between two adjacent pendants. This structural arrangement is
fully consistent with independent NMR 1D ROESY evidence.14

Reaction 1a and 1b kinetics is rather sensitive to the nature
of the estereal function of the dipeptidic guest A, as testified
by the εG > 1 factors of Table 2 (1.21 ( 0.13 e εG e 2.09 (
0.28). In contrast, the εH ≈ 1 factors in the upper part of Table
3 (εH ) 0.88 ( 0.07, 0.85 ( 0.09) point to the reaction 1a and
1b kinetics as rather insensitive to the specific estereal functions
of the M pendants, whether COOMe or COOEt. These findings,
combined with the lack of any appreciable effects of the B
configuration on the reaction kinetics, point to the A guest placed
outside the host cavity in [M ·H ·A]+ (M ) I-III) and
interacting with two host pendants in such a way that its most
basic NH2 site16 is proton-bonded to the -CO-NH- group of
a pendant nearest the aromatic rim, while the estereal tail of A
is hydrogen-bonded to another adjacent pendant. This arrange-
ment leaves the estereal tail of the M pendants free from any
significant involvement in the noncovalent bonding with the A
guest. This hypothesis also conforms to the NMR 1D ROESY
evidence on the same neutral systems.14 A similar arrangement
can be assigned to the [IV ·H ·A]+fast (A ) 1, 3) structures as
well on the grounds of their limited εH ratios relative to the
[III ·H ·A]+ analogues (0.6 < εH < 4.0; Table 3). In contrast,
the presence of the COOH function in the host pendants of
[IV ·H ·A]+slow (A ) 1; 3) strongly depletes their reaction
efficiencies relative to those of [III ·H ·A]+ (8.6 < εH < 71.7;
Table 3). These findings point to large differences in the
structural features of [IV ·H ·A]+slow relative to those of both
[M ·H ·A]+ (M ) I-III) and [IV ·H ·A]+fast, favored by the
tendency of the COOH tail of IV pendants to act as a proton-
bonding “hook” for the dipeptidic guest.

These diverse structural features are reflected in the different
γ enantioselectivity factors of Figure 3 ([M ·H ·A]+ (M )
I-III): γ < 1; [IV ·H ·A]+slow: γ g 1). Following the NMR
indications,14 the γ < 1 factors measured with [M ·H ·A]+ (M
) I-III) can be rationalized in terms of the greater stability of
the homochiral [M ·H ·A]+ complexes relative to the heterochiral
ones. Reactions 1a and 1b exhibit the highest enantioselectivity
with the diastereomeric [III ·H ·A]+ (A ) 1, 3) complexes (0.21
( 0.02 e γ e 0.36 ( 0.03). A slightly lower selectivity is
observed with the diastereomeric [I ·H ·1]+ (γ ) 0.44 ( 0.04,
0.31 ( 0.06) and [IIL ·H ·1]+ (γ ) 0.32 ( 0.03) complexes.
The lowest selectivity is observed with their [I ·H ·3]+ analogues
(γ ) 0.75 ( 0.03, 0.50 ( 0.02).

Comparison of the γ factors of Figure 3 with the σG and σH

ones of Tables 4 and 5 reveals that, although the [III ·H ·A]+

(A ) 1, 3) complexes display a similar enantioselectivity, the
[III ·H ·3]+ complexes are more reactive than the [III ·H ·1]+

ones (1.41 ( 0.16 e σG e 1.67 ( 0.17) (Table 4). In the same

way, the homochiral [I ·H ·3]+ complexes appear to be more
reactive than the [I ·H ·1]+ ones (σG ) 1.66 ( 0.17), whereas
their heterochiral counterparts are equally reactive (σG ) 0.97
( 0.07, 1.04 ( 0.08). A similar trend is observed for the
[IV ·H ·A]+slow complexes, whereas their fast isomers exhibit
an equal reaction efficiency (0.90 ( 0.14 e σG e 1.12 ( 0.17)
(Table 4). Given the comparable basicity of 1-3,16,17 these trends
can only be ascribed to structural and steric effects. The
differences in the σG factors between [IV ·H ·A]+slow and
[M ·H ·A]+ (M ) I-III) may reflect the different orientation
of the A guest relative to the M pendants. The differences in
the σG factors between the homochiral and the heterochiral
complexes with I-III can be only ascribed to different steric
effects between the isopropyl and isobutyl groups of the guest
and those of the host pendants. Both M/A steric and orientation
factors may affect, on one side, the thermodynamic stability of
the complexes and, on the other, the access of the base B to the
protonated -CO-NH- group of the pendant holding the NH2

head of the dipeptide.16 This view is further corroborated by
the σH < 1 measured with all [M ·H ·1]+ complexes and with
only the homochiral [M ·H ·3]+ ones (Table 5).

On the ground of the present kinetic and previous NMR
evidence, it is concluded that (a) the guests A are predominantly
located in a position external to the peptidoresorc[4]arene cavity,
(b) the guests A establish noncovalent interactions with the
I-III pendants. Their NH2 head is proton-bonded to the pendant
amido group closer to the aromatic rim of the host, while their
estereal tail is H-bonded to the polar groups of the adjacent
pendant, (c) with this arrangement, both the reaction efficiency
and enantioselectivity of the [M ·H ·A]+ (M ) I-III) complexes
depend exclusively on the relative configuration of the chiral
centers of the M/A pair, and (d) the presence of the COOH tail
in the IV pendants deeply modifies the network of noncovalent
interactions between the host and the estereal A guests. Thus,
formation of a complex with a structure similar to those of
[M ·H ·A]+ (M ) I-III) (the fast isomer) is accompanied by a
more stable isomer wherein the guest is bound to the COOH
tail of the host pendants (the slow isomer). The relative
orientation and configuration of the A guest and the M pendants
may affect the relative stability of the [M ·H ·A]+ complexes
as well as the access of the base B to the reaction center.

Experimental Section

Materials. Enantiomerically pure A ) 1-3 and M ) I-IV,
in their flattened-cone conformation, were synthesized and
purified according to established procedures.16 (R)-(-)-2-
Butylamine (B) was purchased from a commercial source and
used without further purification. The amine was degassed in
the vacuum manifold with several freeze-thaw cycles before
the use.

FT-ICR-MS Experiments. The experiments were carried out
with an APEX III (7T Magnet) FT-ICR-MS equipped with an
Apollo ESI source (Bruker Daltonik GmbH, Bremen). Stock
H2O/CH3OH ) 1:3 solutions of M ) I-IV (1 × 10-5 M),
containing a 5-fold excess of A ) 1-3 were electrosprayed
through a heated capillary (T ) 50 °C) into the external source
of the FT-ICR mass spectrometer. The resulting ions were
transferred into the resonance cell by a system of potentials and
lenses and quenched by collisions with argon pulsed into the
cell through a magnetic valve. ESI of M/A solutions leads to
the formation of abundant signals, corresponding to the natural
isotopomers of the proton-bound complex [M ·H ·A]+, which
were monitored and isolated by broadband ejection of the
accompanying ions. The isolated [M ·H ·A]+ complex was

TABLE 5: Effects of the Amino Acid Sequence in the Host
Pendants (σH)

guest A
host (I) pendant

W ) -val-leuOMe
host (II) pendant

W ) -leu-valOMe
σH ) (kXY([Host (I) ·H ·A ]+))/

(kXY([Host (II) ·H ·A ]+))

1D IIID ID 0.52 ( 0.06
1L IIID ID 0.74 ( 0.05
1D IIIL IL 0.65 ( 0.06
1L IIIL IL 0.49 ( 0.05
2L IIID ID 0.76 ( 0.07
2L IIIL IL 0.36 ( 0.05
3D IIID ID 0.52 ( 0.09
3L IIID ID 1.09 ( 0.10
3D IIIL IL 1.00 ( 0.08
3L IIIL IL 0.41 ( 0.04
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allowed to react with the chiral amine B present in the cell at
a fixed concentration whose values range from 1.0 × 109 to
3.5 × 109 molecules cm-3 depending upon its reactivity.

Acknowledgment. Work supported by the Ministero
dell’Istruzione dell’Università e della Ricerca (MIUR).
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