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Introduction

The design of chemical receptors able to bind efficiently and
with large specificity to target molecules in solution is a very
active research area that touches on many fields, including

biomedicine and biotechnology.[1–11] One of the most popu-
lar and versatile chemical receptors is calix[4]pyrrole (meso-
octaalkylporphyrinogens; CP), a molecule first synthesized
more than 100 years ago,[12] but which only recently has
been investigated as chemical receptor for small anions.[13–24]
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To date, a considerable number of modifications have
been made to the basic CP unit. Many of them have been
carried out in an effort to generate chemical sensors capable
of detecting anionic analytes through changes in redox[25] or
optical properties.[1,20,26–29] Such efforts have produced CP-
based systems capable of effecting the colorimetric or fluo-
rescence detection of ions in organic solvents[17,20,21, 29] and
biological fluids.[1] Efforts have also been devoted to the
synthesis of more efficient and specific CP-type receptors.
To this end, the basic CP scaffold has been modified, either
by extending the size (calix[n]pyrrole),[30–34] or by generating
double-cavity or cryptand-like derivatives.[35,36] Related work
has involved the study of hybrid receptors obtained by sub-
stituting one or more of the pyrrole subunits in CP by other
heterocyclic rings, such as pyridine, thiophene, and
furan.[15,37–44] Attachment of substituents to CP has also been
used to modify the binding properties, and has led to sys-
tems capable of binding selectively certain ions or neutral
molecules.[45–56] A successful example of this latter strategy
involved fluorine substitution on the beta-pyrrolic positions
of the CP core; the resulting systems (Scheme 1) demon-
strate enhanced affinities for small anions such as Cl�, F�,
and H2PO4

�.[19, 57,58]

A number of studies, both theoretical and experimental,
have confirmed that calix[4]pyrroles are not preorganized
for anion recognition. While the cone form is the major con-
formation observed in 1:1 complexes with small anions,[13, 15]

other conformations are favored in the absence of such li-
gands (vide infra). Thus, the binding of CP to anionic targets
(ligands) is modulated not only by the strength of ion–recep-
tor interactions and the effect of solvent and co-solutes, but
also by the energetic cost of adopting the conformation in-
volved in ligand binding. The solvent effect on the binding
of different ions to CP and its 8F-CP has been the subject of

several experimental[13–15,18,19, 21,59–62] and theoretical stud-
ies,[57] which indicated competition between ion solvation
and ion complexation. On the other hand, in spite of consid-
erable effort devoted to analyzing the conformational flexi-
bility of CP,[63–65] we are far from having a detailed descrip-
tion of the conformational space accessible to these com-
pounds or the effect of solvation and substitution on the
conformational preferences.

A considerable body of experimental evidence provides
support for the suggestion that CP and its substituted deriv-
atives are quite flexible. For instance, the most stable con-
formation in the solid state, in the gas phase, and in very
apolar solvents is the 1,3-alternate form,[13,66,67] while a cer-
tain population of the 1,2-alternate conformation has been
found in more polar solvents,[66] and the cone form is the
major conformation in 1:1 complexes with small anions.[13, 15]

Theoretical studies,[65] nevertheless, suggest that the cone
conformation of CP is about 16 kcalmol�1 less stable than
the 1,3-alternate conformation, and the difference is still
more than 11 kcalmol�1 in CH2Cl2. These results lead to the
conclusion that conformational reorganization should repre-
sent a major impediment to ion binding in both CP and 8F-
CP. Accordingly, derivatives forced to adopt the cone con-
formation[45–49] should have binding several orders of magni-
tude better than CP and 8F-CP, a result that has not re-
ceived complete support from the available experimental
data.[45–50]

Here we present a theoretical study on the conformation-
al space of unbound CP. We have analyzed the accessible
conformational space and the mechanisms by which confor-
mational transitions occur. We have also explored the influ-
ence of octafluorination of the beta-pyrrolic positions and
the effect of solvation on the relative population of different
conformers and the transition pathways between them. We
have found that conformational interconversions are more
facile than previously expected and that reorganization can
occur rapidly from one of several different starting states.
The results detailed here thus help explain the unique
anion-binding properties of CPs and provide important in-
sights into the role that flexibility may play in modulating
the recognition properties of nonrigid chemical receptors.
Finally, a better understanding of these flexible macrocycles
would enhance our knowledge of some interesting biochem-
ical phenomena. For instance, chemical species similar to
CP have been described as playing a crucial conformation-
dependent role in several steps of porphyrin biosynthesis,[68]

and their flexibility has been recently analyzed by means of
molecular dynamics simulations.[69] Our results could con-
tribute to a more detailed understanding of the obtained
conclusions.

Computational Methods

Molecular dynamics : Classical molecular dynamics (MD) simulations
with explicit solvent were used to explore the conformational flexibility
of CP and 8F-CP. To this end, we created models of CP and 8F-CP in the

Scheme 1. Chemical structure of octamethylcalix[4]pyrrole (CP) and oc-
tafluorooctamethylcalix[4]pyrrole (8F-CP).
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expected major conformation (1,3-alternate) immersed in pre-equilibrat-
ed cubic boxes containing molecules of dichloromethane (DCM), metha-
nol (MeOH), dimethyl sulfoxide (DMSO), or acetonitrile (ACN). Force-
field parameters for CP and 8F-CP were taken from our previous
work,[57] with atomic charges obtained by averaging those determined
with the RESP/6-31G(d) procedure[70] for the four conformers (charges
were very similar for all the conformers). These force-field parameters
were developed to study equilibrium structures but reproduce the rela-
tive energy (computed at the B3LYP/6-31G(d) level) of a range of struc-
tures of CP, including very distorted ones (see Figure 1), and this con-
firms that they can be safely used to analyze conformational preferences
of these compounds, including the study of transition structures separat-
ing equilibrium conformations.

Force-field parameters for DCM, MeOH, and DMSO were taken from
the OPLS force field,[71] while those for ACN were taken from a previous
parametrization study.[72] The starting systems were optimized for 4000
cycles (2000 cycles of steepest descent plus 2000 cycles of conjugated gra-
dient), thermalized (298 K), and fully relaxed through 500 ps of MD sim-
ulations at constant pressure and temperature (1 atm, 298 K). Bond vi-
brational degrees of freedom were frozen using SHAKE.[73] These condi-
tions were maintained during 10 ns of unrestrained MD simulation.

Additional trajectories were performed to analyze the possibility of 1,3-
alternate!cone transitions in the presence of bound anions. These calcu-
lations were performed for CP and 8F-CP by selecting one 1,3-alternate
snapshot and placing a fluoride anion within binding distance of two of
the pyrrole hydrogen atoms. The force-field parameters for fluoride
anion were those used in our previous work on the same system.[57] The
systems were then optimized, thermalized, and equilibrated, and the tra-
jectories were followed for 10 ns as described before. In all cases, the 1,3-
alternate!cone transitions occurred less than 1 ns after initiating the
process of trajectory monitoring, and in many cases already during the in-
itial thermalization or equilibration process.

Analysis of the trajectories : All conformers sampled along the trajecto-
ries were clustered into one of four families, namely, 1,3-alternate, 1,2-al-
ternate, partial cone, and cone (Figure 2), according to the relative orien-
tation of the pyrrole rings.[74] The snapshots collected in the four regions
were then averaged (considering symmetry constraints) to derive repre-
sentative conformations for the four major conformers of both CP and
8F-CP. These structures were then used in CMIP[75] calculations to deter-
mine the ability of CP and 8F-CP to interact with small anions by using a
probe with net charge of �1 and the van der Waals parameters of
oxygen. To this end, the receptor was immersed in a cubic grid of
46.656 P3 with a node spacing of 0.3 P, which gives rise to a final
number of grid points on the order of 1.73Q106. An iterative solution to
the Poisson–Boltzmann equation was used to derive electrostatic poten-
tials with a dielectric constant of 1 for the receptor and dielectric con-
stants of 8.93 (DCM) and 80 (water), which correspond to limits of low

and high dielectric response. Only data at high dielectric constant are
shown, but the others are available on request to the authors.

The internal energy corresponding to each conformation was determined
by averaging it within a given family. The intramolecular terms were de-
termined by using the same force field considered in the simulations,
while two methods were used to determine the solvation contribution:
1) Generalized Born (GB) model[76] as implemented in AMBER6
code;[77] and 2) The discrete linear response theory (LRT).[78]

Computational details : Pre-equilibration of solvent boxes (see above)
was performed using the BOSS4.2 computer program.[79] Solvent boxes
were equilibrated for 107 configurations at constant pressure and temper-
ature (1 atm, 298 K) using a residue-based cutoff of 10 P. MD were car-
ried out using AMBER6.0 computer program.[77] Poisson–Boltzman cal-
culations were performed with the CMIP program,[75] and quantum me-
chanical calculations were carried out with Gaussian98.[80]

Results and Discussion

Both CP and 8F-CP are very flexible and conformational
transitions occur on the nanosecond timescale (see
Figure 3), which suggests that a 10 ns trajectory is long
enough to sample the accessible conformational space. For
CP the 1,3-alternate conformation is the most populated in
all the solvents (between 61% in DMSO and 80% in DCM;
see Figure 4). In general, the population of the 1,3-alternate
conformer decreases as the polarity of the solvent increases,
although for MeOH the population is greater than expected
based on its dielectric constant; this indicates that unfavora-
ble interactions between the polar hydrogen atom of MeOH
and the pyrrole hydrogen atoms hinders solvation, while the
good hydrogen-bond acceptor properties of DMSO explains
why it solvates the cone conformation so well to form host–
guest-like complexes (see selected structures of strong
solute–solvent interactions for CP and 8F-CP in Figures S1
and S2). The second most populated form of CP is the 1,2-
alternate conformer in DCM, and the partial cone in the
other solvents (see Figure 4). Finally, the cone conformation

Figure 1. Comparison between QM [B3LYP/6-31G(d)] and MM[57] esti-
mates of internal energy for CP. In each case, eight structures were ran-
domly taken from MD samples and clustered to avoid similar structures
being included in the test. The conformations from the MD were partial-
ly optimized at the B3LYP/6-31G(d) level with all the dihedral angles
frozen at MD values. The energies shown are relative to the most stable
structure. QM and MM agree extremely well with a slope of 1.00 and
r2>0.99 for a quite large range of relative energies.

Figure 2. Conformations adopted by the receptor. Colored circles indicate
the position of each ring relative to the plane that better fits the meso-
carbon atoms.
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is very rare (between 0.1 and
3%). [Note: These and other
percentages given in parenthe-
ses are relative to the overall
molecular population and since
they are computed for the
entire ensemble they do not
have associated statistical
errors.]

Quite surprisingly, the confor-
mational scenario of 8F-CP dif-
fers notably with regard to that
of the parent compound (see
Figure 5). In DCM the 1,3-alter-
nate form is the most stable
conformer (67%), followed by
the partial cone and the 1,2-al-
ternate forms. However, the 1,2-
alternate, partial cone, and cone
conformers are almost equally
populated in ACN. In MeOH,
the 1,2-alternate form is the
major conformation (around
60%), followed by the partial
cone, while in DMSO the cone

Figure 3. Transitions detected during 10-ns simulations carried out for CP and 8F-CP in different solvents.
paco=partial cone, 12al=1,2-alternate, 13al=1,3-alternate.

Figure 4. Transition rates (in changes per nanosecond) between specific conformations of CP as calculated in different solvents. The width of the arrow
indicates the probability of a transition path. The population of each conformer (in percentage of the total population) and the total conformational tran-
sition rate, expressed quantitatively as the number of changes per nanosecond, are also shown.
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conformation is the major form (77%), followed by the par-
tial cone (18%). Clearly, the conformational preferences of
CP derivatives can be strongly affected by chemical substitu-
tion at the pyrrole ring and by solvation. As such, the pres-
ent results underscore the fact that CP derivatives should
not be viewed as rigid structures that are fixed in the 1,3-al-
ternate form in the absence of a bound anion.

The energetic analyses of the different conformations pro-
vide valuable insights into the conformational behavior of
CP and 8F-CP. The results of these studies, summarized in
Tables 1 and 2, confirm that intramolecular terms favor the
1,3-alternate conformer (in the case of both CP and 8F-CP),
while solvation always favors the cone conformation, which
has the largest dipole moment and the strongest solute–sol-
vent interactions (see also Figure 6). Furthermore, not all
the conformations are energetically equivalent in different
solvents. For example, the intramolecular energy of the 1,3-
alternate conformer of CP in MeOH is about 4 kcalmol�1

less stable than the same conformer in DCM, that is, solva-
tion (i.e., use of more polar solvents) not only modulates
the energetics (i.e., inherent stability) of the individual con-
formers, but also affects the population distribution within
the overall conformational family, which it biases towards
more solvophilic conformations. Interestingly, the relative
conformer energies are more sensitive to solvent in 8F-CP
than CP (see Tables 1 and 2). In fact, the solvent-induced

changes in intramolecular energies in 8F-CP are often in the
range 2–6 kcalmol�1, while such changes are always below

Figure 5. Transition rates (in changes per nanosecond) between specific conformations of 8F-CP in different solvents. The width of the arrow indicates
the probability of a transition path. The population of each conformer and the total conformational transition rate, expressed quantitatively as the
number of changes per nanosecond, are also shown.

Table 1. Dipole moments m [D], intramolecular energies, solvation free
energies (values in normal and italic font were obtained by using the GB
and LRT techniques, respectively) and total energies (solvation+ intra-
molecular terms) for CP. All energy and free energy values are in kcal
mol�1. The very small cone population for CP in methanol precludes cal-
culations.

Conformer m Eintra Gsolv Etot

dichloromethane
1,3-alternate 0.2 16.3 �7.9 ACHTUNGTRENNUNG(�3.7) 10.5
1,2-alternate 0.4 21.8 �9.9 ACHTUNGTRENNUNG(�5.4) 14.2
partial cone 0.6 21.6 �9.9 ACHTUNGTRENNUNG(�5.3) 14.0
cone 1.0 25.2 �10.7 ACHTUNGTRENNUNG(�5.5) 17.2

methanol
1,3-alternate 0.2 20.2 �8.4 ACHTUNGTRENNUNG(�5.1) 13.5
1,2-alternate 0.3 26.1 �11.0 ACHTUNGTRENNUNG(�10.6) 15.4
partial cone 0.7 26.4 �11.7 ACHTUNGTRENNUNG(�11.0) 15.2

acetonitrile
1,3-alternate 0.2 17.2 �8.6 ACHTUNGTRENNUNG(�3.2) 11.3
1,2-alternate 0.5 23.4 �11.1 ACHTUNGTRENNUNG(�6.1) 14.8
partial cone 0.7 22.8 �11.2 ACHTUNGTRENNUNG(�5.8) 14.4
cone 1.1 25.4 �12.7 ACHTUNGTRENNUNG(�7.7) 15.2

dimethyl sulfoxide
1,3-alternate 0.2 17.5 �8.8 ACHTUNGTRENNUNG(�4.4) 10.9
1,2-alternate 0.5 22.6 �11.4 ACHTUNGTRENNUNG(�7.7) 13.1
partial cone 0.7 23.5 �11.9 ACHTUNGTRENNUNG(�8.3) 13.4
cone 1.3 30.4 �17.1 ACHTUNGTRENNUNG(�13.4) 15.2
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2 kcalmol�1 for CP. This can be easily rationalized by the
fact that the dipole moment changes by only 0.9–1.1 D be-
tween the 1,3-alternate and cone conformations for CP, but
by more than 2 D for 8F-CP.

Interestingly, the internal energy of the 1,3-alternate con-
formation is on average about 10 kcalmol�1 lower than that
of the cone form, which is notably smaller than the value
obtained from previous DFT calculations (16 kcalmol�1[65]).
Furthermore, the difference in total energy (intramolecular
energy+ solvation) between the 1,3-alternate and cone con-
formations in DCM is about 4 kcalmol�1 (irrespective of the
method used to compute the solvation term), while DFT-
continuum[65] calculations on gas-phase geometries suggest a

larger difference (ca. 11 kcalmol�1), which would make the
1,3-alternate!cone transition very difficult in apolar sol-
vents. This apparent discrepancy can be understood by
noting that the “cone” conformation used in reference [65]
was obtained by removing the anion from a CP–anion com-
plex and is not identical to that spontaneously sampled by
CP or 8F-CP. In fact, the total energy of the “active-cone”
conformation taken from MD simulations of the CP–F�

complex is 11.1 kcalmol�1 higher than that of the 1,3-alter-
nate one and thus matches the DFT estimate (11 kcalmol�1)
and confirms the suitability of the force-field parameters
used here to describe the conformational space of CP deriv-
atives. This active-cone conformation is significantly distort-
ed by the presence of the ion, which leads to important
bending and electrostatic distortion in the receptor (see
Figure 6). Our results suggest then that binding of ions to
CP derivatives is a complex process that involves energeti-
cally important changes even when the ion binds directly to
the cone conformation, which has to adopt the active-cone
form to reinforce the pyrrole–anion electrostatic contacts
but at the expense of unfavorable intramolecular interac-
tions. Analysis of average force-field energies (see Figure 6)
shows that the stress energy accumulated by the active-cone

conformation is mostly due to
unfavorable electrostatic inter-
actions between the acidic pyr-
role hydrogen atoms and bond-
angle distortions.

The goodness of force-field
calculations in describing not
only minima but also distorted
transient structures, and the
high rate of conformational
conversions in CP and 8F-CP,
allowed us to analyze in some
detail the mechanism(s) of con-
formational flipping, comple-
mentary to experimental kinetic
measurements, which provide
only a macroscopic view on the
system. Figure 3 shows that the
conformational transitions in
CP and 8F-CP are very fast (pi-
cosecond timescale), and many

of them are detected along the trajectory. Under these cir-
cumstances, a reasonable description of the preferred routes
for the observed conformational changes can be inferred.
The largest velocity for conformational changes for CP is
found in ACN (the least viscous of the solvents considered),
for which transitions occur every 12 ps, but even for other
solvents transitions are very fast (transition time <25 ps).
The 8F-CP derivative is 2–4 times more flexible than the
parent compound CP, which corresponds on average to a
conformational transition every 5–10 ps.

The pathway for conformational transitions is dominated
by the presence of the partial cone, which generally serves
as the connection hub (see Figures 4 and 5) between the

Table 2. Dipole moments m [D], intramolecular energies, solvation free
energies (values in normal and italic font were obtained by using the GB
and LRT techniques, respectively) and total energies (solvation+ intra-
molecular terms) for 8F-CP. All energy and free energy values are in kcal
mol�1

Conformer m Eintra Gsolv Etot

dichloromethane
1,3-alternate 0.6 122.6 �12.3 ACHTUNGTRENNUNG(�5.1) 114.0
1,2-alternate 0.7 127.1 �15.6 ACHTUNGTRENNUNG(�7.3) 115.7
partial cone 1.5 125.7 �15.5 ACHTUNGTRENNUNG(�7.4) 114.3
cone 2.5 130.8 �20.5 ACHTUNGTRENNUNG(�11.1) 115.0

methanol
1,3-alternate 0.8 127.8 �14.3 ACHTUNGTRENNUNG(�9.2) 116.1
1,2-alternate 0.8 131.1 �17.5 ACHTUNGTRENNUNG(�13.5) 115.6
partial cone 1.6 131.8 �18.2 ACHTUNGTRENNUNG(�12.9) 116.3
cone 2.6 134.9 �23.3 ACHTUNGTRENNUNG(�16.5) 115.0

acetonitrile
1,3-alternate 0.7 126.1 �14.2 ACHTUNGTRENNUNG(�7.9) 115.1
1,2-alternate 0.9 130.3 �17.7 ACHTUNGTRENNUNG(�12.1) 115.4
partial cone 1.7 130.6 �18.7 ACHTUNGTRENNUNG(�12.3) 115.2
cone 2.8 134.3 �24.1 ACHTUNGTRENNUNG(�17.4) 113.6

dimethyl sulfoxide
1,3-alternate 1.0 128.2 �18.4 ACHTUNGTRENNUNG(�15.3) 111.4
1,2-alternate 0.9 129.3 �18.1 ACHTUNGTRENNUNG(�16.4) 112.1
partial cone 1.9 131.2 �20.3 ACHTUNGTRENNUNG(�18.0) 112.0
cone 2.8 133.5 �24.7 ACHTUNGTRENNUNG(�22.0) 110.1

Figure 6. Contribution of each force-field term to the global internal energy of CP in the five studied confor-
mations. The values are the average from 10 ns of MD simulation of the CP in dichloromethane in its unbound
state and 1 ns of MD simulation in complex with fluoride anion in the same solvent. All energies are in kcal
mol�1. Standard errors (not shown) are always smaller than 0.1 kcalmol�1.

Chem. Eur. J. 2007, 13, 1108 – 1116 L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1113

FULL PAPERDynamics of Calix[4]pyrrole

www.chemeurj.org


other three conformers. Direct transitions between 1,3-alter-
nate and cone conformations are very rare (<2% in all the
solvents). Indeed, the transition between the 1,3-alternate
and cone conformations never involves the 1,2-alternate
conformer, which can then be considered as an “abortive”
form.

It can be thought that anion binding takes place when CP
(or 8F-CP) adopts the cone conformation and is driven to
the active-cone form (Figure 7). However, since the preced-
ing results suggest that CP is highly flexible and conforma-
tional transitions occur frequently, it can be hypothesized
that an anion might bind initially to the 1,3-alternate form
and thereby induce a transition to the active-cone state
(Figure 7). CMIP calculations (see Figure 8) suggest that
such a mechanism is possible, since even in the most apolar

solvents the 1,3-alternate form maintains an ion pocket
close to the pyrrole hydrogen atoms that can act as attractor
for a negatively charged ion. To test the feasibility of this al-
ternative mechanism, we performed MD simulations by
placing a fluoride anion at binding distance to two pyrrole
hydrogen atoms of CP and 8F-CP in the 1,3-alternate con-
formation. In most cases the receptor changes from this con-
formation to the active-cone form within the equilibration
time window, and in two cases during the first picoseconds
of the collection period (see Figure 9 and JAVA-powered
video at http://mmb.pcb.ub.es/~ jramon/CALIX/). Once the
active-cone conformation is achieved, strong electrostatic in-
teractions serve to “fix” it in this form for the rest of the
10 ns simulation period (data not shown). Therefore, preor-
ganization of the receptor is not strictly necessary for the
binding of anions to CP or 8F-CP.

Overall, our results underscore the fact that the confor-
mational space for both CP and 8F-CP is quite complex in
solution and that key conformational transitions occur very
rapidly. The relative populations of the various conformers
is not just an invariant feature of the CP skeleton but de-
pends on the choice of solvent and on the nature of the sub-
stituents, if any, on the beta-pyrrolic positions. The cone
conformation, although not the main conformer, is more
populated than would be expected based solely on a gas-
phase energetic analysis. The receptor can bind a targeted
anionic ligand by two mechanisms, impossible to discrimi-
nate experimentally: 1) direct binding to the limited number
of cone conformers present in the equilibrium population,

or 2) by promoting a conforma-
tional transition after binding
initially to the less ionophilic
1,3-alternate conformer. Both
mechanisms are kinetically ac-
cessible, and their relative im-
portance in defining the binding
process is expected to reflect
the relative population of the
1,3-alternate and cone conform-
ers. Since, in the absence of an
added anionic ligand this latter
distribution is expected to be a
function inter alia of the beta-
pyrrolic substituents and the
solvent, the possibility exists to
fine-tune the anion-recognition
properties of calixpyrroles in
ways that might not be necessa-
rily obvious.
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