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Abstract: The multidimensional conformational potential energy hypersurfaces (PEHSs) for cis-cis-cis 1,4,7 cyclo-

nonatriene (I), Tribenzocyclononatriene (TBCN) (II), and cis-cis-cis cyclic triglycine (III) were comprehensively

investigated at the Hartree–Fock (HF/6-31G(d)) and density functional theory (B3LYP/6-31G(d,p)) levels of theory.

The equilibrium structures, their relative stability, and the transition state (TS) structures involved in the conforma-

tional interconversion pathways were analyzed. Altogether, four geometries (two low-energy conformations and two

transition states) were found to be important for a description of the conformational features of compounds I–III.

B3LYP/aug-cc-pvdz//B3lYP/6-31G(d,p) and MP2/6-31G(d,p)//B3LYP/6-31G(d,p) single point calculations predict

that the conformational interconversion between crown and twist forms requires 14.01, 26.71, and 17.79 kcal/mol

for compounds I, II, and III, respectively, which is in agreement with the available experimental data. A topological

study of the conformational PEHSs of compounds I–III was performed. Our results allow us to form a concise idea

about the internal intricacies of the PEHSs of compounds I–III, describing the conformations as well as the confor-

mational interconversion process in these hypersurfaces.
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Introduction

The knowledge of conformational behavior is expected to pro-

vide insight into biologically important phenomena such as mo-

lecular recognition. Though structural data can be obtained from

NMR and X-ray diffraction, reliable interpretations of experi-

mental data can be better achieved using theoretical methods.1

Conformational space exploration is a difficult problem, espe-

cially for cyclic molecules because of the interdependence of

torsional angles.2 For systems with numerous degrees of free-

dom, the potential energy hypersurface (PEHS) may have a sub-

stantial number of local minima as well as transition states (TS)

interconnecting these minima. Therefore, to determine all the

critical points is not an easy task.3 Furthermore, finding the

global minimum energy conformation alone may not be suffi-

cient. It might be tempting to assume that the conformers

missed, with some particular search method, are likely to be ei-

ther high in energy or kinetically very unstable and thus less sig-

nificant. However, it is more prudent to locate all the possible

critical points on an energy hypersurface first and then, to exam-

ine their stability and their ease of conversion to other conform-

ers to determine their relative importance. It is clear that this is

a problem of considerable computational magnitude, even for

relatively simple acyclic molecules. This problem becomes even

more complex when partially flexible rings are involved.

We recently reported a comprehensive conformational study of

cyclononane PEHS using ab initio and DFT calculations.4 Our

results showed that the PEHS of this apparently simple molecule is

very complex. Fortunately, the PEHS of cis-cis-cis-1,4,7-cyclonona-
triene (I) (Fig. 1) appears to be a little more simple. cis-cis-cis-
1,4,7-cyclononatriene (I) and structurally related compounds show

some unusual conformational properties.5–20 The ring system can

exist in either a crown (C), which is rigid and has C3v symmetry for

the parent hydrocarbon, or as a ‘‘saddle’’ conformation, which is

more or less flexible. In later sections we will discuss whether

‘‘saddle’’ is an appropriate name for this conformer. Both types of

conformations (crown and ‘‘saddle’’) have been observed in the

cyclotriveratrilene (CTV) series17–20 and are separated by relatively

high barriers (�25 kcal/mol), thus giving rise to atropisomers.

Numerous theoretical and experimental studies have been car-

ried out on I. However, in spite of the accumulation of a significant
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amount of data collection, a TS structure, as well as the complete

topology involved in the ring inversion of I has been overlooked.

Thus, the complete PEHS of I showing the geometries and ener-

gies of the different critical points has not been reported yet.

Tribenzocyclononatriene (TBCN) represented by the general

structure II (Fig. 1) is an important core structure around which

molecular receptors have been constructed for studying molecu-

lar recognition.18 Cyclotriveratrylene (CTV) is the parent com-

pound of many homologous series based on the TBCN core.

These compounds have gained considerable interest throughout

the years because of their special (crown/saddle) conformational

isomerism,18–20 structural chirality,17,18,21,22 tendency to form mo-

lecular complexes23,24 and their mesomorphic properties.14,25,26

Different TBCN derivatives have been previously obtained

through elaborate synthetic methodologies. Chakrabarti et al.

synthesized in moderate yields a CTV by the acid catalyzed con-

densation of 3,4-dimethoxibenzyl-alcohol27 by a modified

recrystalization procedure.28 Closely related to I, the TBCN core

can acquire two energy-minimum conformations, a rigid crown

and a more flexible ‘‘saddle’’. In most derivatives of TBCN the

‘‘saddle’’ form is less stable than the crown, and it has been esti-

mated that the ‘‘saddle’’ conformation is at least 2.86–3.82 kcal/

mol higher in energy than the crown isomer.29 However, when

the cyclononatriene ring is perturbed, for example when the

ortho positions in the benzene rings are substituted with bulky

groups, then the ‘‘saddle’’ form is stabilized with respect to the

corresponding crown conformation. The two isomers then coex-

ist in solution in thermal equilibrium.19 Interestingly, the

‘‘saddle’’ conformation has been recently isolated and character-

ized through thermal isomerization by Zimmerman et al.20 It is

well known18–20 that the crown form of TBCN and CTV can

undergo inversion in which the crown core is inverted into its

reflected structure. However, the complete PEHS of TBCN

showing the geometries of different critical points has not been

reported yet.

Like TBCN, cyclic peptides are also attractive candidates for

artificial receptors because they have a rigid peptide backbone

that forms a cavity and provides binding sites suitable for guest

molecules. N-methylated cyclic triglicine has a C3 symmetry

conformation (crown form) elucidated by NMR30,31 and X-ray

crystallography studies.32 Hioki et al.33 reported the synthesis of

N-substituted cyclic triglycines using N,N0,N00-triallyl-cyclo-tri-
glicine as a scaffold. The 1H and 13C NMR spectra of this com-

pound indicate that the major conformation was the crown form

along with some ‘‘saddle’’ form (they called it boat). We

focused on the cis-cis-cis cyclic triglicine (III) (Fig. 1) because

it could display a closely related PEHS to those of compounds I

and II.

In the early days of conformational analysis, only symmetri-

cal conformations of the medium-ring-cycloalkanes and deriva-

tives were thought to be local minima or even TSs for confor-

mational interconversion,34 but this proved not to be the

case.35,36 Nowadays, it is well known that energy minima have

to be carefully distinguished from TSs in the PEHS. Extensive

searches of the conformational energy hypersurface for local

minima should include the barriers separating pairs of conforma-

tions. The conformational analysis of I, II, and III has been syn-

onymous with a search for low-energy minima on the PEHS ei-

ther because it is more difficult to locate saddle points than local

minima or because the importance of saddle points has simply

not been well appreciated. Progress in searching for TSs and

their significance is likely to be much more demanding in com-

puter time than simply searching for local energy minima

because it is not sufficient just to locate the saddle points on the

PEHS. It is also necessary to find out how the low energy min-

ima and the TSs are linked together, and this requires an explo-

ration of a larger part of the hypersurface. Compounds I–III

only have two low-energy conformations on their PEHSs; but,

where does one form change to the other and how far from an

energy minimum can the molecule stray away before ceasing to

be in the other conformation? In principle, the concept of struc-

ture is more general than the concept of geometry. The mini-

mum is a low-energy point corresponding to a fixed geometry.

However, the geometry may be distorted away from that point

and still be regarded as the same structure. It will remain the

same structure, no matter how distorted it may be until it passes

through an adjacent TS to the next structure. It is clear, there-

fore, that information about the local and the global minimum

of molecules such as I–III is not enough. We need to have at

least a good idea of the shape and also some indication about

the dynamic behavior of the internal degree of freedom of these

compounds. A full understanding of the PEHS requires identifi-

cation of the complete network of conformational interconver-

sions among the different critical points.

We report here an exhaustive conformational analysis of

compounds I–III using ab initio and density functional theory

(DFT) computations. Besides the conformers populations, it is of

great interest to know how the interconversions between the

conformers are, and which of them occurs most readily. The

equilibrium structures, their relative stability, and the TS struc-

tures involved in the conformational interconversion pathways

were analyzed. Thus, we report here the PEHSs of molecules I,

II, and III, including the determination of all critical points geo-

metries. The PEHSs topological aspects are also discussed in

this paper.

Figure 1. Structure of compounds I–III showing the torsional

angles. The peptide bonds are also shown in compound III.
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Calculations

All the calculations reported here were performed using the

GAUSSIAN 03 program.37 Critical points (low-energy conforma-

tions and TS structures) were optimized at RHF/6-31G(d) and

B3LYP/6-31G(d,p) levels of theory. An extensive search to

localize first-order saddle points on the PEHSs was carried out

first by using starting geometries suggested by GASCOS algo-

rithm.38 These input files were used to obtain the TS structures

using both RHF/6-31G(d) and B3LYP/6-31G(d,p) calculations.

Vibrational frequencies for the optimized structures were com-

puted to evaluate the zero-point energies (ZPE) as well as to con-

firm the nature of the singular points along the potential energy

surface. The stationary points have been identified as a minimum

with no imaginary frequencies, or as a first-order TS character-

ized by the existence of only one imaginary frequency in the nor-

mal mode coordinate analysis. TS structures were located until

the Hessian matrix had only one imaginary eigenvalue, and the

TSs were also confirmed by animating the negative eigenvectors

coordinate with a visualization program and internal reaction

coordinate (IRC) calculations.39,40 B3LYP/6-31G(d,p) IRC calcu-

lations were performed on the TS structures to check that the

TSs structures lead to the initial conformer and to the final con-

formation (forward and reverse directions of the conformational

interconversion path). IRC calculations were carried out along

the path in cartesian coordinates in six points forward and six

points in the reverse direction, in steps of 03 amu1/2 bohr.

DFT calculations were employed to properly account for the

electron correlation effects. Thus, the widely employed hybrid

method denoted by B3LYP41–43 was used, along with the dou-

ble-seta-split valence basis set 6-31G(d,p). This method includes

a mixture of Hartree–Fock (HF) and DFT exchange terms and

the gradient corrected correlation functional of Lee et al.44 and

Miehlich et al.45 as proposed and parameterized by Becke.46,47

After obtaining these optimized structures, the most reliable,

flexible basis set (aug-cc-pvdz) and MP2/6-31G(d,p) single

point calculations on these geometries were used to evaluate

the energies.

Results and Discussion

PEHS of cis-cis-cis-1,4,7 Cyclononatriene (I),

Tribenzocyclononatriene (TBCN) (II), and cis-cis-cis Cyclic

Triglycine (III)

PEHS of cis-cis-cis-1,4,7 Cyclononatriene (I)

The GASCOS algorithm combined with ab initio and DFT opti-

mizations permits to search the PEHS for the two minimum-

energy conformations as well as two transition structures con-

necting these conformations. The search located the two previ-

ously reported structures (C and T) together with two TSs (TSC-T
and TST-T). It should be noted that although Anet and Giachi13

reported a distorted structure of TSC-T, the other TS structure

was not found by earlier searching techniques, at least to our

knowledge. The four geometries (two low-energy conformations

and two TSs) were found to be important for a description of I

conformational intricacies.

All the levels of theory reported here indicate that the most

stable conformation of I is the crown form (C) (Table 1). It

should be noted that the energy obtained for the crown from

B3LYP/aug-cc-pvdz//B3LYP/6-31G(d,p) calculations is a little

lower than that previously reported by Palmer and Nisbet16

(2346.85156 au) using a Dunning double zeta basis. The struc-

ture of I in the crystal at 2358C has been previously determined

to be a crown by X-ray diffraction analysis. Both levels of cal-

culations, RHF/6-31G(d,p) and B3LYP/6-31G(d,p), well repro-

duce the bond distances and angles observed at X-ray even

when periodical conditions were not considered in our calcula-

tions. The torsional angles of all the stationary points optimized

at the B3LYP/6-31G(d,p) level of theory are given in Table 2.

The other low-energy conformation of I is the previously

called ‘‘saddle’’ form. This conformation, however, is not a sym-

metric (CS) structure but a twisted conformation, and therefore,

it is more convenient to call it twisted form (T). This conforma-

tion acquires a twisted spatial ordering to reduce the repulsive

interaction between the inner methylene hydrogens. The T con-

formation has more angle bending strain than does the C, and

Table 1. Relative Energies for the Different Critical Points of Compounds I, II, and III Obtained From RHF/

6-31G(d) and B3LYP/6-31G(d,p) Optimizations and B3LYP/Aug-cc-pvdz//B3LYP/6-31G(d,p) and MP2/6-

31G(d,p)//B3LYP/6-31G(d,p) Single Point Calculations.

Compounds Conf.

RHF/6-31G(d)

DE (kcal/mol)

B3LYP/6-31G(d,p)

DE (kcal/mol)

B3LYP/Aug-cc-pvdz//

B3LYP/6-31G(d,p) DE (kcal/mol)

MP2/6-31G(d,p)//

B3LYP/6-31G(d,p) DE (kcal/mol)

I C 0.00 0.00 0.00 0.00

T 3.22 2.61 2.96 3.24

TSC-T 16.26 14.30 14.01 18.14

TST-T 4.61 3.96 3.93 5.03

II C 0.00 0.00 0.00 0.00

T 2.91 2.28 2.32 2.75

TSC-T 30.92 27.11 26.71 30.77

TST-T 5.64 4.70 4.05 5.43

III C 0.0 0.00 0.00 0.00

T 2.15 2.54 2.87 2.07

TSC-T 17.99 17.10 17.79 18.35

TST-T 5.75 5.19 4.94 5.62
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this causes it to be 2.61 kcal/mol less stable than the crown at

B3LYP/aug-cc-pvdz//B3LYP/6-31G(d,p) level. Because of its ri-

gidity and the presence of a threefold real symmetry axis, the

crown has lower entropy than the Twist. However, these entropy

effects are sufficiently small so that the crown should be favored

in its equilibrium with the twist, and thus, only the crown is

expected to be significantly populated in agreement with all ex-

perimental data. In total there are six degenerated T conformers

in the PEHS (more details about this situation will be discussed

at the end of this section and its topological aspects will be ana-

lyzed in the next section).

If only one methylene group is movement, then the crown

(C) becomes less symmetrical through the TS TSC-T and then is

converted to the symmetrical saddle structure (TST-T) which is

rapidly converted into the twist form (T) (Fig. 2). The energy of

TSC-S relative to that of the crown is 14.01 kcal/mol, a value

which is in complete agreement with the observed NMR barrier

(activation energy of 14.6 kcal/mol).8 This TS structure for ring

interconversion in compound I has two adjacent double bonds

located with an ideal geometry for hyper-conjugation with the

methylene groups as shown in Figures 2 and 3. The effect of an

adjacent p system should be to stabilize the linear state more

than the tetrahedral state because of increased hyperconjugation.

Thus, the energy required to distort a tetracoordinate carbon

from tetrahedral to linear should be lowererd by the presence of

adjacent p orbitals. This situation might be appreciated in Fig-

ure 3. A similar but someone distorted structure was reported by

Anet and Ghiachi13 using the Boyd Force field. However, the

energy for ring inversion was overestimated in 24 kcal/mol. The

authors predict that this problem could be better explained using

more accurate ab initio calculations. It is clear that hyper-conju-

gative and/or hybridization effects which have not been included

in the force-field calculations48–50 might be the principal respon-

sible for such overestimation. An examination of this TS geome-

try shows the presence of some extraordinarily large bond

angles. One C��CH2��C angle has the value of 1348. Thus, the
opening of a C��CH2��C angle ultimately results in an almost

linear carbon arrangement (Figs. 2 and 3). Species geometries

along the lowest energy pathway computed at B3LYP/6-

31G(d,p) illustrated in Figures 2 and 4 are informative.

Figure 2. Optimized structures of low-energy forms and transition states of compound I in the lowest

energy pathway at B3LYP/6-31G(d,p) level of theory. The result of the vibrational analysis of the tran-

sition states is also shown. The length of each arrow is proportional to the degree of vibration of the

atom. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

Table 2. Torsional Angles and Frequency Values Obtained for the Different Critical Points of Compounds I,

II, and III From B3LYP/6-31G(d,p) Calculations.

Compound Conf. /1 (8) /2 (8) /3 (8) /4 (8) /5 (8) /6 (8) /7 (8) /8 (8) /9 (8) Frequencies (cm21)

I C 91.73 291.73 0.00 91.73 291.73 0.00 91.73 291.73 0.00 159.806

T 55.83 2103.08 23.06 34.97 34.88 23.05 2103.06 55.85 1.10 31.019

TSC-T 98.69 266.97 21.94 20.99 220.95 1.89 66.96 298.66 0.00 2111.946

TST-T 81.67 281.63 2.26 225.01 87.69 0.01 287.64 24.94 22.26 275.325

II C 94.67 294.70 0.09 94.54 294.56 20.19 94.75 294.52 20.06 41.513

T 61.87 2105.70 26.12 31.13 41.52 27.62 2106.97 59.79 1.74 16.242

TSC-T 106.51 264.87 21.35 3.12 23.13 1.36 64.88 2106.51 0.00 2163.051

TST-T 89.09 289.43 4.95 233.09 93.49 20.15 293.52 33.28 24.71 238.929

III C 89.16 299.13 9.14 89.04 299.16 9.70 88.33 299.15 9.48 55.498

T 47.58 2102.85 0.37 24.13 56.28 222.42 299.49 55.65 12.26 35.380

TSC-T 98.66 243.01 37.55 213.05 272.56 49.15 75.61 287.26 244.06 2184.033

TST-T 91.96 278.80 29.49 221.32 84.63 9.46 294.52 30.77 210.13 261.281
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Starting from the symmetrical TST-T form there are two paths

for the twist–twist interconversion. This process can be most

simply explained by the simultaneous movement of two adjacent

methylene groups. In this case the TST-T is the TS interconnect-

ing two enantiomeric twist forms. The energy of TST-T relative

to the T is only 2.5 kcal/mol at B3LYP/aug-cc-pvdz//B3LYP/6-

31G(d,p) level of theory. Therefore, the barrier separating these

minima is low, and hence the interconversion between these

forms occurs without a significant energetic requirement. These re-

sults are in complete agreement with the experimental data pre-

viously reported by Zimmerman et al. for the saddle form of

CTV derivatives. This movement gives two T structures corre-

sponding to a right (T(R)) and a left (T(L)) twist form. It should

be noted that TST-T is a highly symmetric structure possessing a

characteristic saddle form (Figs. 3 and 4). The characterization

of TST-T showed that the structure has only one negative eigen-

value. The calculated vibrational frequency (275.325 cm21 at

B3LYP/6-31G(d,p) level) showed that the eigenvector of the

imaginary frequency corresponds to the movement of two meth-

ylenes. This result might be well appreciated in Figure 4. From

this TS the molecule moves down the potential energy surface

to produce either the right or the left twist form.

The other path requires the movement of only one methylene

group. In this case a twist form is connected through the ‘‘oppo-

site’’ saddle form (TST-T(o)) with its enantiomeric twist-form.

The characterization of the twist form showed that this form is a

true minimum with no imaginary frequencies; however, it should

be noted that the lowest vibrational mode corresponds to the

movement of only one methylene which gives the TST-T(o) form.

Figure 3. HOMO distribution on full optimized C, TSC-T, and TST-T conformations of compound I.

Calculations were carried out at B3LYP/6-31G(d,p) level. Note that the C form has not nodal plane at

the methylene groups. TST-T displays only one nodal plane; whereas TSC-T shows two nodal planes.

Figure 4. Optimized structures for the T/TST-T/T conformational

interconversion of compound I at B3LYP/6-31G(d,p) level. The

result of the vibrational analysis (imaginary mode) of TST-T is also

shown. The length of each arrow is proportional to the degree of

vibration of the atom. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

Figure 5. Two dimensional reaction path following the different

conformational interconversion processes. From the TS structures,

five RHF/6-31G(d) calculations were performed in forward and

reverse directions. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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By ‘‘opposite’’ saddle form, we mean the TST-T form obtained

from the conformational interconversion of the inverse crown.

Both interconversion processes allow the complete conforma-

tional interconversion among all the twist forms. Thus, each twist

form is connected with other two twist forms (see later section).

To obtain a clear profile of the overall conformational pro-

cess in I, it is necessary to underline the role of the TST-T form.

This critical point is a true TS with the two levels of theory

reported here. Thus, on the basis of our results we have no

doubt about the character of a typical saddle point of TST-T.

However, this critical point appears to play a significant role in

all the conformational interconversion processes. TST-T is a typi-

cal TS structure connecting enantiomeric twist forms whereas in

the crown-twist interconversion process, TST-T appears to be an

inflection point between the crown and the twist conformations.

Inflection points can be associated with any PEHS if the geo-

metrical conditions are suitable, and such conditions may not be

rare. For example, an inflection point may be generated from a

double minimum energy surface having a small barrier separat-

ing the two minima. On the other hand, a local energy minimum

that has a very low frequency vibration (as well as a TS possess-

ing a small negative frequency) is an indication that the energy

surface requires careful examination. Thus, to obtain a better

description of this section of the PEHS, we performed RHF/6-

31G(d,p) calculations following both interconversion processes:

C/TSC-T/T and T/TST-T/T. As the construction of a complete

potential energy surface would be practically impossible, we an-

alyze the minimum-energy paths to get detailed information

about the dynamics. These results are shown in Figure 5 and

give an additional support for the role played by TST-T form in

these processes.

It should be noted that the curve shown in Figure 5 display

two adjacent TSs. The analysis of this particular zone of the

PEHS of compound I requires a this point an extra coment. A

‘‘monkey saddle’’ type degenerate saddle point belongs to three

critical points energy paths. These paths may also be interpreted

as one path originating from one critical point and branching

into two paths at the saddle point yielding two minima.51

The zone of a surface involving two adjacent TSs has been

called as valley-ridge inflection point.52–56 For recent discussion

of valley-ridge inflection points see refs. 54–56. Unfortunately,

selectivity in the area of the valley-ridge inflection of Figure 5

cannot be analyzed using TS theory. Without a barrier, TS

theory simply does not apply, and a dynamic approach is

required. Thus, in principle from the calculations reported here

we cannot discard the possibility of an artifact of the calculation

methods. However Singleton et al.54 have provided a experimen-

tal support for a reaction surface involving two adjacent TSs.

Also, from the growing number of theorically predicted cases,

there is no reason to think that surfaces involving adjacent sad-

dle points (like here) should be rare.

PEHS of Tribenzocyclononatriene (TBCN) (II)

The results obtained for compound II are closely related to those

attained for compound I. These results are summarized in Tables

1 and 2 and Figures 6 and 7. Geometries of critical points along

Figure 6. Optimized structures of low-energy forms and transition states of compound II in the lowest

energy pathway at B3LYP/6-31G(d,p) level of theory. The result of the vibrational analysis of the transi-

tion states is also shown. The length of each arrow is proportional to the degree of vibration of the atom.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 7. Optimized structures for the T/TST-T/T conformational

interconversion of compound II at B3LYP/6-31G(d,p) level. [Color

figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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the lowest energy pathway computed at the B3LYP/6-31G(d,p)

level are given in Figures 6 and 7. The relative energy profiles

of the crown/crown, crown/twist, and twist/twist interconversions

are given in Figure 8. B3LYP/aug-cc-pvdz//B3LYP/6-31G(d,p)

calculations predict the crown form as the highly preferred con-

formation of II. The twist conformation possesses an energy gap

of 2.32 kcal mol above the crown form. Our calculations predict

that the conformational interconversion between twist forms

requires only 1.73 kcal/mol which is in reasonable agreement

with the results obtained by Zimmerman et al.20 for CTV deriva-

tives.

We also evaluated the Twist-Crown equilibrium and its inter-

conversion kinetics in order to compare our results with those

experimental data previously reported by Zimmerman et al. for

cyclotriveratrylene.20

We quantitatively determined the equilibrium constant (T 5
298 K) according to their activation energies as follows:

K ¼ exp
Ea2 � Ea1

RT

Where Ea1 is the activation energy of C form and Ea2 is the acti-

vation energy of T form. These results are shown in Table 3.

Our results are intermediate values in comparison with those

obtained by Zimmerman et al. using chloroform (K (300 K) 5
0.1) and dimethylformamide (K (300 K) 5 0.008). Considering

that our results are obtained in gas phase they are in good agree-

ment with the experimental data.

PEHS of cis-cis-cis Cyclic Triglycine (III)

As we expected, the results obtained for compound III are

closely related to those attained for compounds I and II; only

some differences were observed for the crown-twist interconver-

sion process.

The crown form is the highly preferred conformation of III,

being the twist form the local minimum having 2.87 kcal/mol

above the global minimum (Table 1). Figure 9 shows the confor-

mational C/TSC-T/S interconversion geometries whereas Figure

10 gives the T/TST-T/T process. It is interesting to note that

compound III, in contrast to compounds I and II, performs its

C-T interconversion through the inversion of the peptide plane

Figure 8. Schematic potential energy profile for the least energy

pathway of compound II with relative potencial energy of confor-

mations and transition states with respect to the global minimum.

Numbers are at the B3LYP/Aug-cc-pvdz//B3LYP/6-31G(d,p) level

of theory.

Table 3. Activation Energies and Equilibrium Constants for the

Conformational Interconversions of Compounds I–III Obtained from

B3LYP/6-31G(d,p) Calculations.

Compound Ea1 Ea2 K

I 13.70543499 11.23869515 0.015515688

II 25.79126796 23.69413121 0.028963846

III 16.4608292 14.11268865 0.018956477

Figure 9. B3LYP/6-31G(d,p) optimized geometries of the C, TSC-T
and TST-T forms of compound III. The vibrational modes are shown

in the TSC-T transition state structure.

Figure 10. B3LYP/6-31G(d,p) optimized geometries of the T(R),

TST-T and T(L) forms of compound III. The vibrational modes are

shown in the TST-T transition state structure.
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(compare Figs. 2 and 9). Once compound III adopts the TSC-T
form, it is relaxed to the TST-T form through the movement of

only one methylene group (Fig. 9).

The general conformational behavior of III is very similar to

that obtained for I and II. This is particularly interesting because

in principle we can compare the conformational behavior of me-

dium and large size peptides with that of the polyene analogues.

Topological Features of PEHS of Compounds I–III

A direct molecular geometry optimization is not much more than

a nearly blind search for critical points on an exact, but unknown,

potential energy hypersurface guided, or sometimes misguided,

by chemical intuition. For conformational analysis, our chemical

intuition is in general quite reliable although conceptually it does

not go beyond the one-dimensional or single rotational case. Na-

ture very often demands from us a multidimensional conforma-

tional analysis. This is the case of compounds I–III , which in

principle is a multidimensional problem involving nine torsional

modes. However, compounds I and II possess three cis-carbon–
carbon double bonds and compound III possesses three cis-pep-
tide bond; therefore, their conformational changes are governed

mainly by six circular motions. To better understand the PEHSs

of these compounds, it would be desirable to reduce the problem

to a three-dimensional universe. Fortunately, in this case we can

consider in principle only two levels of structural elements: (a)

the plane determined by the three methylene groups and (b) the

planes determined by each cis-double bond (in I and II) or each

peptide bond (in III), which could be located up, down or in the

same plane determined by the methylenes. Thus, we can obtain

the different combinations of each plane as an independent vari-

able determining a three-dimensional subspace where each

dimension represents the relative position of each plane with

respect to the plane determined by the methylenes.

Figure 11a shows the positions of the various critical points

in a unit cell of the coordinates space. This figure represents a

Figure 11. ‘‘Ideal’’ unit cell for compounds I–III coordinate space, showing (a) the location and types

of critical points: (0) minima, (1) first order transition state, (2) second order transition states, (3) max-

ima. (b) Topological notation for the different critical points : u (up plane) , d (down plane) and t

(transition state). (c) complete conformational hyperspace adopted by a system formed by a basic plane

and three independent planes.

Figure 12. Schematic view for the conformational interconversion paths. Note that the degenerated

TSs and Twist forms are denoted with different numbers in order to differentiate the alternative inter-

conversion paths. The TST-T 1.3, 2–5, 4–6 are the opposite saddle forms of TST-T1.1–2, 3–4, 5–6.
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general situation displaying the combinations of three independ-

ent variables (freedom degree). Note specially that there is a

saddle point (1) between each pair of adjacent minima (0) and a

super-saddle point (2) between each pair of adjacent saddle

points (1). Saddle points may be interconnected either through

minima or super-saddle points. In the centre of the unit cell the

maximum (3) (for example a third order saddle point) is located,

which is connected to the super-saddle points (second-order sad-

dle points (2)) located in the centre of the faces. These critical

points are connected with the first order saddle points (1) located

in the centre of the awn grains, which interconnect the minima

(0) located in the vertices of the unit cell. In Figure 11b we

hypothesize that in the equilibrium structures, the planes are ori-

ented up (u) or down (d) with respect to the methylenes plane.

The up forms become down forms through TSs, which have

been denoted with the letter ‘‘t’’. Figure 11c gives the complete

conformational hyperspace adopted by a system formed by a ba-

sic plane and three independent planes. This figure allows us to

visualize in a schematic form the positions assigned to the dif-

ferent critical points as well as the possible interconversion paths

among the different critical points. These paths are schematized

in Figure 12. In this figure we can observe that from each C

form it is possible to obtain six twist forms using three equiva-

lent paths. However, all the critical points possess degenerate

forms, displaying two C forms, six T forms, six TSC-T, and six

TST-T forms.

For the conformational interconversion of compounds I–III,

the planes containing the double bonds (or peptide bonds) must

be rotated through the restrictions imposed by the tetrahedron to

the methylenes. Therefore, the interconversion process (to pro-

duce the inversion of the planes) may be carried out movement

either one or two methylenes, as was observed in the conforma-

tional interconversion process (see previous section). As a direct

consequence of the symmetry imposed to the molecular system,

there is a recurrent symmetrical structure present in all the inter-

conversion paths. This structure is the TST-T form which possesses

Figure 13. Unit cell for compounds I–III coordinate space, showing (a) the location and types of criti-

cal points: (0) minima, (1) first order transition state. (b) Topological notation for the different critical

points : u (up plane) , d (down plane) and 1 (transition state). (c) schematic conformational hyperspace

adopted by a system formed by a basic plane and three independent planes. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 14. Schematic view for the conformational interconversion paths of compounds I–III. Note

that the degenerated TSs and Twist forms are denoted with different numbers to differentiate the alter-

native interconversion paths. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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a very close pair of axial hydrogen atoms. This spatial ordering

produces a steric repulsion, and therefore, it must be relaxed to

adopt the twist form. This particular conformational profile gives

a characteristic topological pattern as well. Thus, in the Crown-

Twist interconversion, we can consider two steps: in the first one

we obtain the TS TSC-T and then the symmetrical TST-T form

through the inversion of only one methylene while in the second

step, this TST-T form is relaxed to one of the next twist forms

through the movement of two methylenes. It should be noted that

the interconversion process between the global (C) and local (T)

minimum involves two TSs with different characteristics (TSC-T
and TST-T).

It is clear that the topological profile of compounds I–III is

different to that shown in Figure 11. This is a direct conse-

quence of the restrictions imposed by the symmetry as well as

by the conformational mode in the interconversions between the

PEHS critical points. In this case not all the regions of the cube

shown in Figure 11 are available. Thus, the topological profile

of compounds I–III is an adapted form of such ideal situation.

Figure 13a shows the topological indices for the interconver-

sion process of the PEHS of compounds I–III. Figure 13b gives

the different minima according to the orientation of the inde-

pendent planes. Note that in the twist forms, one of the planes is

coplanar with the methylene planes (denoted by sub-index p in

this figure). Figure 13c in turn gives a schematic view of the

most characteristic PEHS critical points.

Figure 14 shows the interconversion paths present in the

PEHSs of compounds I–III. As was previously discussed, the C-

T interconversion is carried out through two TSs.

Recently, we used a three-dimensional subspace strategy to

depict the complex conformational (PEHS) intricacies of cyclono-

nane.4 Fortunately, the topological profiles of conformational

PEHSs of compounds I–III are simpler than that reported for cyclo-

nonane. Although mathematically irrelevant, the topology of the

PEHS of I–III is of considerable interest to visualize and better

understand these hypersurfaces. The topology described earlier

allows us to understand the conformational behavior of I–III where

the torsion angles are interdependent. Thus, we may have a com-

plete idea about the conformational intricacy of compounds I–III.

Conclusions

The exploration of a conformational energy hypersurface by

methods that ignore all features other than local energy minima

does not always give a satisfactory picture of the problem. It is

desirable to determine, at least, the lowest energy TSs linking

all pairs of conformations. In the present article the PEHSs of

compounds I–III were investigated using theoretical calcula-

tions. Ab initio and DFT computations provide a clear picture

for the conformational PEHS of these molecules from both

structural and energetic points of view.

Altogether, four geometries (two minima and two TSs) were

found to be important for a description of the conformational

features of compounds I–III. B3LYP/aug-cc-pvdz//B3lYP/6-

31G(d,p) predicts that the conformational interconversions

between the crown and twist forms require 14.01, 26.71, and

17.79 kcal/mol for compounds I, II, and III, respectively, which

is in agreement with the available experimental data. Theoretical

calculations took into account all the conformational changes,

allowing us to obtain a better idea about the conformational

intricacies of the compounds PEHSs reported here.

Our results indicate that the general conformational behavior

of cyclic peptide compounds is closely related to that of the

cyclic polyene derivative possessing the same size ring. This is

an interesting result because on the basis of the conformational

behavior obtained for cyclic polyenes, it might be possible to

estimate the general conformational intricacies of cyclic peptide

compounds.

A topological analysis of the PEHSs is also reported here.

The visualization of conformational hypersurfaces using a three-

dimensional subspace strategy allows a rigorous analysis and

detailed interpretation of the conformational phenomena. Thus,

this model provides a logical explanation for the conformational

intricacies of compounds I–III, a feature that is difficult to ra-

tionalize without a model, which allows visualization of the

overall conformational problem.
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