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Intramolecular Proton Transfer in Calixphyrin Derivatives
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Calix[4]phyrins are convenient models for porphyrin metabolism intermediates. They also attract attention as
complexation agents in macromolecular chemistry. For the biological function and chemical properties, their
flexibility plays an important role. In this study, we explore the inner hydrogen motion previously detected
in some calix[4]phyrins as a slow chemical exchange in the NMR spectra (J. Am. Chem. Soc. 2004, 126,
13714). The potential energy surface of this motion is defined by two generalized coordinates and modeled
at DFT levels. The transitional barriers thus obtained agree reasonably well with those calculated from dynamic
"H NMR measurements. The transitions over both the sp? and sp* links are found to be possible. During the
transfer, an intermediate is formed where the two hydrogen atoms are attached to the neighboring nitrogens.
Surprisingly, the barriers channeling the sp? and sp® paths in significantly depend on the dispersion and other
interactions between remote side chains. The results confirm the possibility of a fine-tuning of the calixphyrin

core properties by distant substituents.

Introduction

Calix[4]phyrins are a new class of compounds that can
generally be obtained by a reduction of the —CH= porphyrine
group.! For example, an unsubstituted porphyrin (a) leads to
the calix[4]phyrins-(1.7.1.1) (b)?

(a) Porphyrin (b) Calixphyrin

The reduction makes the molecule more flexible, and calix-
phyrin derivatives are more prone to form complexes because
the molecules can better adapt to ligands. The reduced porphyrin
cycles also occur in many natural processes, such as porphyrin
metabolic pathways including the heme synthesis. Their in-
creased flexibility enhances the metabolism and enables a
transfer across cellular membranes.>*

The calixphyrins thus attracted attention as complexation
agents>~7 and components in macromolecular chemistry. Mol-
ecules based on calix[4]phyrins were proposed for electrochemi-
cal sensing.®? Their chemical synthesis was elaborated so that
relatively simple synthetic steps, such as the condensation of
(perfluorophenyl)di(pyrrol-2-yl)methane with acetone,'” could
produce a large variety of substituted compounds.'*

A closer analysis of calixphyrin NMR spectra revealed
significant differences in flexibility of various derivatives.'®!!
The reduced porphyrin moiety can be almost planar, twisted,
or bent; motion of covalently bound substituents is strongly
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dependent on the temperature. On the basis of density functional
computations, several conformer species could be identified
according to the observed changes in temperature-dependent
'"H NMR spectroscopy. In some compounds, the aryl group
rotation and porphyrin ring flipping could be monitored
independently as their NMR coalescence temperatures signifi-
cantly differ.!!

The compounds p1—p3 (Figure 1) exhibited a low-temper-
ature (~—20—0 °C) 'H NMR coalescence that was assigned to
the motion of the inner acidic hydrogen atoms, but it could not
be interpreted on the basis of a simple one-dimensional model.'
Neither did the hydrogen motion simply correlate with the rate
of other conformational toggling, nor could it be related to the
substitutions of the sp? and sp® meso-carbon bridges. Because
of the significance of the calixphyrin flexibility for their
complexation and other chemical properties and also because
of the relation of the intramolecular motion to the hydrogen-
transfer processes encountered in photosynthesis and other
biological energy cycles,'? in the current study, we study the
conformational motion in detail. Previous theoretical studies of
the NH tautomerism in porphyrins suggest a tight relation of
involved energies with the molecular structure.!*!* The pos-
sibility of the inner hydrogen motion and an asynchronous
mechanism was also suggested for porphyrazine.'® For nonplanar
porphyrins, an extraordinary propensity for intramolecular
hydrogen binding was suggested.!®

Although the motion of the two hydrogen atoms is a complex
process, the multidimensionality can be reduced to 2 by a choice
of suitable reaction path coordinates containing the difference
of hydrogen—nitrogen distances. Optimization of molecular
energies under restrictions on such generalized distance differ-
ences is not a part of available quantum chemical programs.
Therefore, the restricted optimization has been performed by
the Qgrad program using the vibrational normal-mode coordi-
nates.'” The program was recently extended by internal coor-
dinate restrictions.'® Thus, a two-dimensional potential energy
surface (PES) corresponding to the hydrogen intermolecular
transfer could be obtained at a relatively advanced DFT level
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Figure 1. The four studied calix[4]phyrins.

of approximation. The proposed hydrogen-motion path over the
sp? carbon could be verified and the barriers calculated from
PES extremes compared to the experimental Gibbs energies.

Method

Experiment. The three studied compounds (p1, p2, and p3,
Figure 1), where the transition temperatures of the hydrogen
movement could be detected by NMR, were synthesized at the
Institute of Chemical Technology, Prague. Complete experi-
mental details about the chemical synthesis and NMR experi-
ments can be found elsewhere.!®!! The methylated compound
(p4, Figure 1) was used as a computational model only and
was not measured. The synthesis was based on a production of
substituted dipyrromethanes, followed by condensation with
aromatic aldehydes. The NMR spectra were measured on a
Bruker DRX 500 Advance spectrometer operating at 500.1 MHz
for 'H and 125.8 MHz for '*C. The compounds were measured
in the temperature range of 193—298 K in CD,Cl,. Activation
free energies (AG*) were determined using the Eyring equations
for the rate constant k'
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Figure 2. Definition of the distances (r\’, ro’, ry, ry, r3, and ry)
describing positions of the two hydrogen atoms. Additional generalized
coordinates for the simultaneous hydrogen transfer across the sp® link
were used as d = ry — r; and &’ = r,’ — r/. Similarly, for the sp® path,
d= Iy — 13 and d' = }"4’ - r,'.

where, kg is the Boltzmann constant, 7c the coalescence
temperature, R the gas constant, / the Planck constant, and Av
the chemical shift difference of the exchanging resonance in
the absence of chemical exchange.

Computational Details. The positions of the inner hydrogen
atoms were defined by their distances to the two nitrogen atoms
between which the exchange NH++*N <> N+-<HN takes place.
For adiabatic potential energy scans, distance differences d and
d’ (cf. Figure 2) were used as generalized coordinates. The
coordinates d and d’ were kept constant at each of a 21 x 21
grid point, while all of the remaining coordinates were relaxed
by energy minimization. The grid extended from —2 to 2 A,
with a 0.2 A step. The Qgrad program'”'® interfaced to
Gaussian?® was used for the adiabatic potential energy surface
(PES) scan. The PM3,?! HF/3-21G, and BPW91?? levels of
approximations were adopted. The BPW91 scan was performed
for p1 with the 6-314+G* basis functions for the two inner
hydrogen atoms, 6-31G** functions for the reduced porphyrin
ring, and the smallest 3-21G basis for the cyclohexane and
perflourophenyl groups.

Alternatively, the transition barriers were calculated as energy
differences between the equilibrium structure and transition
geometries defined by d = 0 A for one hydrogen. These
calculations were performed at the B3LYP* and BPW91? levels
with the 6-31G** basis set, using the Qgrad and Gaussian
programs (which produced identical results); within the MP2
level, only single-point computations with DFT geometries could
be done. For some DFT computations, the Grimme dispersion
energy correction’*? was added as

E=-5Y ) 3)
]

i i T

where ry; is the distance between atoms i and j, f(ry) = (I +
ep) ! is the damping function with ep = exp(—=D(r;/R, — 1)),
Se 1s a global scaling factor, D = 20, R, is a sum of atomic van
der Waals (vdW) radii, and c;; are the dispersion coefficients.
The parameter values can be found in the original reference.?
It is well known that the addition of the dispersion forces to
common DFT functionals significantly enhances their perfor-
mance, in particular, for systems with larger aromatic residues.?®

Results and Discussion

Geometry. Selected geometry parameters of the pl—p4
molecules are listed in Table 1. The experimental N—H
distances for pl—p3 are only approximate as the X-ray
electronic densities do not allow for an accurate estimation of
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TABLE 1: Selected Calculated and Experimental Geometry Parameters in the Calixphyrins p1—p4“

PM3 HF/3-21G BPWO91/6-31G** B3LYP/6-31G** B3LYP/6-31G**b exp.©
pl
d(N—H) 1.01 1.00 1.03 1.02 1.02 0.87
d(N—N)/sp? 2.64 2.75 2.74 2.75 2.74 2.73
d(N—N)/sp? 3.11 3.00 3.07 3.05 3.02 3.02
T 111 113 113 114 114 98
p2
d(N—H) 0.99 1.00 1.03 1.02 1.02 0.86
d(N—N)/sp? 2.97 2.88 2.84 2.83 2.77 2.79
d(N—N)/sp? 2.93 291 2.96 2.95 2.95 2.92
T 137 117 133 131 129 127
p3
d(N—H) 0.99 1.00 1.02 1.01 1.01 0.90
d(N—N)/sp? 2.84 2.93 3.01 2.94 2.86 2.89
d(N—N)/sp? 3.03 2.90 2.86 2.90 2.92 291
T 127 145 147 142 136 137
p4
d(N—H) 1.01 1.00 1.03 1.02 1.02
d(N—N)/sp? 2.65 2.77 2.73 2.75 2.73
d(N—N)/sp? 3.10 2.99 3.07 3.05 3.02
T 119 122 120 121 120

“Distances (d) are in A; the 7 angle between the two approximately planar moieties consisting of the sp’-linked pyrrols is in degrees.
b vdw-corrected. ¢ Reference 10. Cambridge crystallographic database codes JAHHOQ (p1), JAHJAE (p2), and JAHHUW (p3).

hydrogen positions. The other experimental parameters, how-
ever, correlate with the computations quite well. They correctly
reproduce the changes in the porphyrine core induced by the
substituents. For example, the N—N distances across the sp?
carbon bridge were calculated at the best vdw-B3LYP/6-31G**
level as 2.74,2.77, and 2.86 A for pl, p2, and p3, respectively,
which is in an excellent agreement with the X-ray data (2.73,
2.79, and 2.89 A). The two pyrrol rings connected by the sp>
bridge are approximately planar. However, the angle between
these two planar moieties is very dependent on the substituents.
Such dependence was observed for a larger set of compounds
already in previous studies.!'®! As discussed before,!' the
substituent influence is largely mediated by long-range electronic
conjugation, which corresponds to the similarity of the geometry
parameters in pl and p4, both with sp? substituents without
m-electrons; the conformational restriction caused in p1 by the
cyclohexane ring does not appear so important.

The angle (7 in Table 1) in p1 is calculated to be somewhat
larger (~114°) than the observed value (98°); we explain this
by a tight crystal packing enabled by the relatively small
cyclohexane ring. The crystal densities of p1 (1.509 g/cm?) and
p3 (1.513 g/cm?®) are similar and significantly differ from p2
(1.227 g/cm?). Additionally, in p1, the perflourophenyl residues
are attracted to the NH groups of molecules in the next crystal
layer, which keeps the angle 7 small and stabilizes a Cy/c15
space symmetry group. In p3, the crystal packing is quite
different, and the space group is CC9. The p3 crystal addition-
ally contains the chloroform solvent. Therefore, we suppose that
the calculated pl structure is closer to that adopted in the
chloroform solutions used for NMR than the crystal geometry.

Isomer Energies. On the adiabatic (relaxed) potential energy
surface spanned by the positions of the two acidic hydrogen
atoms, we calculated relative isomer energies of the extreme
points summarized in Table 2. As expected from the behavior
of common porphyrins,'* in the lowest-energy global minimum
structure (MG), the hydrogens occupy opposite nitrogen atoms
(ry” = r3 or ry” = ry; see Figure 2). A jump of hydrogen across
the sp? and sp? bridges leads to the M1 (r,’ = r4) and M2 (1
= r,) local minima, respectively, predicted to be energetically

TABLE 2: Relative Energies (kJ/mol) of Local Maxima and
Minima for the p1—p4 Compounds

pl p2 p3 pd
MG (global min., r;” = r3; see Figure 2) 0 0 0 0

M1 (sp? local min., " = r,)

HF/3-21G 127 99 98 112
B3LYP/6-31G** 91 73 64 86
B3LYP/6-31G**AG(273K) 86 64 63 77
M2 (sp? local min., r\’ = ry)

HF/3-21G 17 28 33 19
B3LYP/6-31G** 16 25 32 18
B3LYP/6-31G**AG(273K) 15 25 29 16
T1 (sp® saddle point, r," = ry)

HF/3-21G 131 109 109 118
MP2/6-31G** 22 149 10 18
B3LYP/6-31G** 90 74 69 84
B3LYP/6-31G**AG(273K) 77 59 64 69
vdw-B3LYP/6-31G/6-311++G** 58 121 54 56
T2 (sp? saddle point, r," = 1)

PM3 81 101 104 91
HF/3-21G 75 92 110 71
MP2/6-31G** 38 51 77 36
BPW91/6-31G** 31 45 61 28
BPWO91/gen 29 46 57 28
B3LYP/6-31G** 44 58 74 42
B3LYP/6-31G**AG(273K) 35 53 67 30
vdw- B3LYP/6-31G** 43 54 69 41
vdw-B3LYP/6-31G/6-311++G** 47 60 81 43
experiment'’ 45 37 54

“The vdw-B3LYP/6-31G/6-311++G** geometry.

well-separated from the equilibrium structure. The relative
energy of M2 is predicted to be 2—7 times smaller than that of
MI. This can be explained by the hydrogen repulsion and a
large space that can be occupied by these atoms in M2 due to
their separation by the flexible sp? link. For both local minima,
the energies are much larger than the Boltzmann quantum at
the room temperature (k7 ~ 2.4 kJ/mol), and corresponding
populations are negligible under normal conditions.

For computational convenience, the saddle points (transition
states) are defined for r,” = r,’ (T1) and r,” = r,” (T2). These
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structures slightly differ from the true saddle points because of
the symmetry perturbation during the hydrogen migration;
however, the deviation is quite minor (see below), and the error
of the energies does not exceed ~1 kJ/mol. Therefore, we keep
this definition as it enabled us to calculate the transition energies
efficiently using internal molecular coordinates. Alternate
QSTN? algorithms for localization of the transition states were
not numerically stable enough to converge in a reasonable time.
We can see that the T2 saddle point corresponding to the
hydrogen path across the sp? linkage is energetically slightly
preferred (by ~5—16 kJ/mol), most probably because of the
stabilization of the bifurcated H—N bond in the vicinity of the
transition state stabilized by the approximately planar dipyrrole
unit and the 7-electron conjugation. For p3, however, the sp?
and sp® paths seem to be about equally probable as a planarity
of the sp® link is partially enforced by the rigid fluorenyl
substituent. From the Gibbs free energies (AG) calculated in
Table 2 on the basis of vibrational harmonic functions, we can
estimate that the entropic contribution is significant but does
not change the qualitative differences between the individual
compounds.

Although the size of the system does not allow for larger
basis sets or benchmark wave function methods (the single-
point MP2 computation lasted days at one processor (~3 GHz)),
all of the investigated methods gave similar values of the T2
transition-state energies. It is interesting, that the van der Waals
dispersion correction?*726282 also influenced the transition
barrier, although the effect was restricted to ~1—5 kJ/mol (for
the B3LYP/6-31G** level). The tension caused by the attraction
of the distant hydrophobic residues was thus transferred to the
conformational energetic of the acidic molecular core.

The T2 transition-state energies also correspond well to the
experimental values'” listed at the bottom of Table 2. The
computed values for p2 (e.g., 54 kJ/mol at the vdw-B3LYP/6-
31G** level) deviate most from the experiment (37 kJ/mol);
however, we find such accuracy acceptable because of the
simplification used in the two-state transition model and ab initio
modeling. The accuracy is also comparable with the predictions
of other calixphyrin motions studied previously.!! The presented
computations thus also complete the explanations of the NMR
coalescent events observed for the novel group of the calixphyrin
compounds. Similarly as for the geometrical parameters, the
relative energies in pl and p4 are very close, which suggests a
large role of the electron conjugation.'!

Potential Energy Surface. The complete 2D adiabatic
potential energy surface corresponding to the hydrogen sp? path
in the d and d’ coordinates (defined in Figure 2) calculated for
p1 at three different levels can be seen in Figure 3. The surfaces
corresponding to the sp? path were similar and are not shown.
The PM3, HF, and BPW91 methods provide qualitatively similar
pictures; the PM3 method provides the highest barriers, while
the BPWO91 surface is the flattest. As can be seen, the T2 saddle
point is very close to d = 0 (cf. Table 2), and this barrier thus
determines the measured NMR transition rates. However, as
the M1 minimum most probably lies on the reaction coordinate,
the adopted two-state model may not be accurate, which can
also explain some of the deviations between the measured and
experimental numbers.

Figure 4 shows the differences in the calculated PESs for all
three p1—p3 compounds. Although the equilibrium geometries
are rather similar, the energy profiles are notably different, which
may explain the larger differences in the dynamical behavior
of the calixphyrin compounds.'® Finally, in Figure 5, we plot
examples of the 2D vibrational wave function calculated in the
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Figure 3. The two-dimensional potential energy surface corresponding

to the hydrogen transfer in compound p1, calculated at the PM3, HF/
3-21G, and BPW91/gen levels.
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Figure 4. The calculated (HF/3-21G) potential energy surfaces for
the p1, p2, and p3 compounds.

generalized d and d’ coordinates and the resultant probability
distribution at 273 K. We can see that at equilibrium, the
hydrogens are fairly localized. The izomerization observed by
the dynamic NMR experiment thus corresponds to effectively
simultaneous (on the NMR time scale) hydrogen transfer
between well-defined binding sites. The intermediate states on
the PES are weakly populated and cannot be detected; however,
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Figure 5. From left to right: Wave functions of the first and tenth vibrational state corresponding to the 2D hydrogen PES (HF/3-21G) and the

probability distribution at 273 K.
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a literally simultaneous event across the diagonal of the PES
passing through the high-energy region is obviously not
probable.

The hydrogen coordinates (Figure 2) were selected to drive
the hydrogen movement. During molecular dynamics, the
transfer can be actually caused by circumstances related to other
coordinates, such as when the nitrogen atoms approach each
other. In Figure 6 (left), the sp> N1—N2 distance in p1 is plotted
as a function of d and d’. Interestingly, the nitrogen atoms
become close when the hydrogen is being transferred, which
indicates a bifurcated bond. For a solitary transfer of one
hydrogen, the remote nitrogen geometry is not significantly
changed; however, as we saw above, the synchronous transfer
is more probable. The energy profile recalculated for the
d(N1—N2) and d(N3—N4) coordinates is plotted on the right-
hand side of Figure 6. In the minimum, both distances adopt
the equilibrium value (2.75 A; see Table 1). The nitrogen
distances are thus well-correlated with the hydrogen positions.
For the static computations, however, the generalized hydrogen
coordinates are more convenient as they provided the possibility
to directly control the transfer.

Conclusions

On a series of three novel calixphyrin compounds, we
investigated the energies associated with the hydrogen motion
during an isomerization in the acidic molecular core. Experi-
mental activation free energies (AG*) obtained previously by
'"H NMR temperature-dependent measurements could be ex-
plained on the basis of a two-state transition model. The
experimental free energies agreed well with the relative
electronic energies obtained by quantum chemical computations.
The largest deviation observed for the biphenyl derivative was
attributed to a deviation from the two-state transition. The
computations confirmed the possibility to tune the calixphyrin

3.2
< 30 E (kJ/mol)
?
ZI - 0
2 28 50
=1 100
2.6

2.6 2.8 3.0 3.2
d(N1-N2) (A)
Figure 6. Calculated dependence (HF/3-21G) of the nitrogen distance on the hydrogen coordinate for the sp> path of p1.

core properties by the distant substituents, which can be
potentially used in preparation of complexation agents of desired
behavior. The potential energy surfaces for the three compounds
that could be determined by the introduction of the generalized
coordinates were qualitative similar; the sp> hydrogen-transfer
path seems to be favorable, except for the case when the
fluorenyl substituent restricted the sp? link. The coupling of the
quantum chemical methods with the NMR spectroscopy thus
proved to be profitable, yielding new data about the molecular
structure and dynamics.
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