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Peptidostarands: valence tautomers of cyclic peptides
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Abstract

Ab initio molecular orbital calculations, at the HF/6-31G* and MP2//HF/6-31G* levels of theory, have been
performed on a hypothetical class of organic compound which we call peptidostarands. These molecules are
valence tautomers of cyclic peptides. Calculations predict that cyclohexaglycine lies 76 kcal/mol lower in energy
than its peptidostarand isomer, but when both molecules are derivatised with electron-withdrawing CFO groups
on the nitrogen atoms, the peptidostarand becomes the more stable valence tautomer, by 19 kcal/mol. Strategies
for synthesising peptidostarands are discussed. © 1999 Elsevier Science Ltd. Al rights reserved.
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Recently Lee et al. reported the serendipitous discovery of a new class of star-shaped
2n-crown-n ethers which resulted from the facile acid-catalysed rearrangement of cyclic
polyketones (1) (Scheme 1) [1-3]. These compounds, called starands, have been characterised
by spectroscopic, crystallographic and theoretical studies [1-4]. The six oxygen atoms of
[1e]starand (2) define a pre-organised, near-spherical cavity of diameter 1.02 A, whereas its
larger homologue, [1g]starand, possesses a rigid cavity of diameter 2.43 A [2]. These
compounds are expected to play an important role in host—guest chemistry. Indeed,
[le]starand (2) has been reported to bind Li+ selectively, while [1g]starand shows strongest
binding affinity towards Rb* [3].

Scheme 1

These reports prompted us to consider related systems which contain heteroatoms. In
Particu}ar, we were interested in the potential for cyclic peptides (3) to undergo bond
isomerisation to give polyspirocyclic acetals (4), which we call peptidostarands (Scheme 2).

* Email: R McGeary @mailbox.uq.edu.au

0040-4039/99/3 - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
PII: S0040-4039(99)00319-6



3042

Scheme 2 ) '
Peptidostarands (4) are attractive
g § candidates for synthesis because their cyclic

RN Y l RN/Y peptide precursors (3) can be prepared
(gooo NR 2 70 O'/~\g readily.  Furthermore, the range of
AN o T . L OV available o-amino acids would allow a
f 0 \E'O ;0"" multitude of functional groups to be
NJ\/NH N NR " incorporated into these molecules.

R R Peptidostarands of various sizes would also

3a (R=H) 4a (R=H) be expected to form complexes with

3b (R=CHO) 4b (R=CHO) different sized metal ions. Prior to

3¢ (R=CFO) 4c (R=CFO) attempting to synthesise these

peptidostarands, we elected to examine these
molecules by ab initio methods, to gain some insights into their energies relative to their
cyclic peptide precursors, and to examine possible ways of derivatising them so as to
selectively stabilise the peptidostarands over the cyclopeptides, if necessary. We present here
our preliminary calculations on these molecules and suggest potential synthetic routes to this
novel class of organic compound.

Structures and stabilities of cyclohexaglycine (3a) and its isomeric peptidostarand (4a)

were investigated initially at the HF/3-21G™*, then at the HF/6-31G* level of theory [5].
Geometries were fully optimised, and vibrational frequencies of these molecules indicate that
the calculated geometries are minima on the potential energy hypersurfaces. We, and others
[6,7] find that the lowest energy conformation of 3a has S¢ symmetry, and contains six
intramolecular hydrogen bonds (y-turns). The predicted geometry of 4a at the HF/6-31G*
level of theory also has S¢ symmetry. As well as the anomeric stabilisations afforded by the
acetal oxygen lone electron pairs, all the nitrogen lone pairs of electrons in 4a are oriented so
as to participate in anomeric stabilisations into the ¢* orbitals of the adjacent C-O bonds. All
the C-H bonds of 4a can be considered as either axial or equatorial (Figure 1).
Peptidostarand 4a possesses a cavity of diameter 0.98 A, similar in size to that of 2 [1].
Figure | Cyclohexaglycine (3a).is calculated to be
Fully optimised (HF/6-31G*) geometry of peptidostarand 4a. A 86 ‘kcal/mOl lower in energy than
space-filling diagram is displayed at right, clearly showing the ~peptidostarand 4a. When unscaled zero
spherical cavity. point corrections were considered, the
difference in energy between 3a and 4a was
found to be 90 kcal/mol. To examine the
effects of electron correlation on the
energies of 3a and 4a, we performed single
point Mgller—Plesset second-order
perturbation (MP2) calculations at the
optimised HF/6-31G* geometries
(MP2//HF/6-31G*). At this level of theory
3a is calculated to be 76 kcal/mol lower in
energy than 4a.

Most of the stabilising energy of the cyclic peptide relative to the peptidostarand
presumably arises from the resonance energy of the peptide bonds, amounting to
approximately 20 kcal/mol per amide bond [8-11]. It follows then that any derivatisation at
nitrogen that can reduce or eliminate the amide bond resonance energy of the cyclic peptides
may lead to the peptidostarand structures being energetically favoured. N-substitution of
amide bonds with electron-withdrawing groups can prevent the nitrogen's lone pair of




3043

electrons from delocalising into the amide bond, by preferential conjugation with the N-
substituent. There is ample evidence that N-acylation of amides and lactams diminishes the
double-bond character of amide bonds by this means [12]. Thus, acylation of cyclic peptide
nitrogen atoms could be one way of making peptidostarand structures more stable than their
isomeric cyclopeptides. To examine this possibility we have calculated the energies of both
hexa-N-formylcyclohexaglycine 3b and the hexa-N-formyl[6]peptidostarand 4b. We find
that, at the HF/3-21G** level of theory, the substituted peptidostarand 4b is 12 kcal/mol more
stable than 3b. However, when these geometries were reoptimised at the HF/6-31G* level of
theory the relative stabilities were reversed, and the substituted cyclopeptide 3b was found to
lie 17 kcal/mol lower in energy than the peptidostarand 4b. Because of this discrepancy, we
performed MP2 calculations on both 3b and 4b at the optimised HF/6-31G* geometries
(MP2//HF/6-31G*). We found then that 3b is 16 kcal/mol lower in energy than 4b, which
confirms the HF/6-31G* result (Table).

Clearly, the strategy of introducing electron-withdrawing substituents on the nitrogen
atoms provides more stabilisation energy to the peptidostarand (4b) than to the cyclic peptide
(3b). More powerful electron-withdrawing groups than formyl could be anticipated to
provide even greater stabilisation energy to the peptidostarand than to the cyclopeptides.
While several substituents come readily to mind, for reasons of computational efficiency we
chose the fluoroformyl (CFO) group as our model.

Comparison of the hexa-N-fluoroformylcyclohexaglycine (3¢) and its isomeric
peptidostarand (4c) shows that, at the HF/3-21G** level of theory, 4¢ is 39 kcal/mol lower in
energy. When these molecules were fully optimised at the HF/6-31G* level of theory, the
energy difference was found to be 19 kcal/mol. These results are summarised in the Table.

Table
Relative energies of the cyclic peptides (3) and the peptidostarands (4) at various levels of theory
Molecule HF/3-21G** HF/6-31G™ MP2//HF/6-31G*
(kcal/mol) (kc&nol) (kcal/mol)
3a (R=H) 0 0 0
4a (R=H) 69 86 76
3b (R=CHO) 12 0 0
4b (R=CHO) 0 17 16
3¢ (R=CFO) 39 19 -
4c (R=CFO) 0 0

The results of these calculations allow us to suggest potential synthetic routes to
peptidostarands from cyclic peptides. Strongly electron-withdrawing groups are seen to have
the most dramatic stabilisation effects on the peptidostarands (Table), and so N-substituents
such as rert-butoxycarbonyl (Boc), tosyl or trifluoroacetyl might be the most synthetically
feasible derivatives of cyclic peptides. We expect that these derivatives would undergo facile
rearrangement to peptidostarands, by analogy with the reactions of the starands shown in
Scheme 1. Another means of stabilising peptidostarands could be by protonating or
quaternising the basic nitrogen atoms of the peptidostarands.

Yet another approach could be to exploit the expected metal binding properties of
peptidostarands to prepare stable metal ion complexes. We have briefly examined this
possibility by calculating the binding enthalpy of the peptidostarand 4a with the lithium ion.
When a Li* ion is placed in the centre of the cavity of 4a (endohedral binding), the binding
enthalpy associated with the resulting fully optimised complex (5) is -74 kcal/mol. While the
diameter of the cavity of 4a (0.98 A) is slightly smaller than that usually occupied by a Lit+
(1.46-2.12 A [13,14]), we find that the metal ion fits within the cavity of 4a with minimal
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distortion of the oxygen atoms (Figure 2). This phenomenon has been reported previousl_y
for the spherands, which are able to accommodate ions that appear to be too large to fit
within their cavities [15]. We have also studied the exohedrally bound 4a-Li*+ complex (6),
and we find that the binding enthalpy is slightly larger (-87 kcal/mol) (Figure 2).

i The larger peptidostarand (7), the
l}::lgllll;c (2>ptimised (HF/6-31G*) geometries of the complexes valence tautomer Of CYCIOQCtaglymnej has
between 4a and Li*. At left is the endohedral complex (5) also been examined using ab initio
showing the metal ion within the cavity of the peptidostarand. In  calculations, and the fu]]y optimised
the endohedral complex (6) at right, the Li* sits 1.0 A above the structure is shown in Figure 3. While not

f th toms. All hydrogens have been omitted for . . .
Plane of the oxygen atoms yaoe as symmetrical as 4a, this peptidostarand

clarity.
still exhibits alternating up-down
orientations of the N-H bonds which
maximises anomeric stabilisations. The
cavity of 7 is ovoid in shape, with shortest
diameter 1.41 A. This size is suitable for
accommodating a range of transition metal
ions [14].
5 6 In conclusion, we have characterised by
ab initio calculations a new class of
Figure3 . ' polyspirocyclic acetals. We have compared
Fully optimised (HF/6-31G") geometry of peptidostarand 7. their energies with those of their isomeric

A space-filling model of 7 is shown at right.
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