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The conformational behavior of designed macrocyclic naphthalenophbabsafd2ab) derived from

amino acids (Phe and Val) has been used for studying-&Hnteractions. The cycles having 16- and
17-membered rings showed a dynamic process within the NMR time scale, produced by the flipping of
the aromatic naphthalene moiety with respect to the macrocyclic main plane. We used the temperature
dependence dH NMR to obtain activation parameters of the energetic barrier for the process (variable
temperature NMR and line shape analysis). The rate of the movement clearly depends on the macrocyclic
ring size and, more interestingly, on the nature of the peptidomimetic side chain, the energetic barrier
being higher for the compounds bearing aromatic side chains. A largely negative entropic contribution
to the free energy of activation was observed, with clear differences due to the side chain nature. Molecular
modeling studies suggest that the aromatic rings interact with intramolecularly H-bonded amide NH
groups, protecting them from solvation and thus leading to a larger unfavorable activation entropy. This
NH---7z interaction has been exploited for the preparation of new systeo@nfimeselb) with designed
conformational preferences, in which aromatic rings tend to fold over amide NH groups. Thus, these
minimalistic molecular rotors have served us as simple model systems for the study-ef Miteractions

and their implication in the folding of peptide-like molecules.

Introduction at the molecular levél. Despite the obvious problem of
oversimplification, we can obtain important information about
the source and characteristics of weak interactions, such as
hydrogen bonding, catierr interactions, or solvophobic

Models are very attractive to chemists, as they allow
understanding of intrinsically complicated biological systems
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contacts. Among others, hydrogen bonds implicating both the or in the design of new chemosens#tS hus, the conforma-
m-cloud of aromatic systems and amide NH bonds have beentionally well-defined disposition of functional groups make them
deeply studied in the past decadas they are present in many ideal probes for the study of noncovalent interactions in relation
protein§ and peptides and have been used for molecular to solvent exposure and folding properties and, consequently,
recognition in synthetic receptotddowever, the use of these  for designing model systems. Regarding that, we have recently
noncovalent contacts for conformational corfir@nd the reported on the study of conformational properties of macro-
development of model systems for studying the prothase cyclic peptidomimetic cyclophanes containingoghenylene
been less exploited. The understanding of these noncovalentunit.l” The energetic barrier for the rotation of the aromatic ring
interactions is of great importance, as there are some biologicalwith respect to the macrocyclic main plane showed a close
processes that are closely related, such as protein binding torelationship with the intramolecular H-bond pattern and the
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specific ligand® or the regulation of molecular recognition of
DNA.?

On the other hand, amino acid derived macrocyclic com-

solvent accessibility to the pseudo-peptidic moiety. These
properties were exploited for the description of a methanol-
dependent molecular rotor, a simple device that was used as a

pounds have recently attracted much attention in the fields of proof-of-concept simple model. Additionally, the effect of the

syntheticl? bioorganicl! medicinall2 and supramolecular chem-
istry.13 Their cyclic structure usually confers on them a three-
dimensional organization of the amino acid residues in a
preferred conformatiof, allowing them to host small molecules
and ionst® with interesting potentials in molecular recognition
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identity of the signals as well as the exchanging nuclei were
confrmed by a set of 1-D NOESY experiments at low
temperatures and are in good agreement with the dynamic

SCHEME 1. Molecular Structures (with Atom Numbering)
and Naphthalene Dynamic Process of 1a,b and 2a,b
10

2 19 2 flipping of the naphthalene group with respect to the macrocyclic
NN R NH 7 BN main plane, as it would mainly affect the signals clo.se to the
R“-g/\ 10 /g‘R = R“&\ /g‘R C1—C2 bond. Coalescence temperatufgsfor different signals
4
NH HN

NH HN of 1ab and2ab are given in Table 1, as well as the free energies
0 L(?}B/S 0 of activation _@G*) at the coalescence temperattffe.
By comparing the values in Table 1, very interesting trends
;’ﬂf? R:—§< -4 were found. The enlargement of the macrocyclic structure by
e a b—@ one methylene decreases the conformational energy barrier by
ca. 4 kcal/mol, in reasonable agreement with reported data on
polyamino cyclophanes:2*Considering the data with the parent
of these groups to prevent amide solvation, probably due to ap-cyclophane derivative, a slightly lower rotational barrier
stabilizing NH-- noncovalent interaction. Intrigued by these  was found for the naphthalenophanes. This apparently surprising
observations, we have prepared a second generation of peptiresult can be explained by steric factors. The size of the moiety
domimetic macrocycles, implementing a naphthalene aromatic passing through the macrocyclic cavity for the rotation of the
ring in their structure. Considering the behavior observed phenylene and the flipping of the naphthalene moieties is
previously, these compounds will show a dynamic flipping essentially the same. However, the naphthalene derivatives
process of the naphthalene ring within the NMR time scale experience an additional steric repulsion between H2 and H9
(Scheme 1). Besides, the naphthalene group will have multiple protons (see modeled structures). This interaction destabilizes
effects. First of all, it will break theC; symmetry of the  the corresponding ground states and leads to a lower energetic
compounds in the slow movement regime, as the aromatic ring parrier for the conformational process.
tends to set perpendicular to the macrocyclic plane (Scheme  Apart from the higher conformational rigidity of the smaller
1). Second, this aromatic system with an increased diamagneticcycles, an effect of the side chain nature is also noteworthy.
anisotropy will induce a larger anisocrony of the diastereotopic Thys, by comparing entries 3 versus 8 and 4 versus 9 in Table
protons of the pseudo-peptidic macrocycle. Last, but not least, 1 we can conclude that the phenylalanine derivatives lead to
the aromatic surface will produce a more efficient desolvation |ess flexible cycles, at least regarding the ring inversion process.
of the intramolecularly H-bound amide NH protons. Thus, we Thjs energy barrier difference is larger in the smaller macro-
envisionedlab and2ab as good candidates for the detection cycles, being almost abolished for the 17-membered rings. The
of NH-+-7 interactions through the deep knowledge of their smooth energy gap obtained when changdiPginto Bn was
conformational behavior. The understanding of these processes
would be valuable for the design of new molecular deviées,
either with internal or with external control of the disposition
and dynamics of some parts of the system. On the other hand,Aprahamian, L: lkeda, T.- Saha, S.: Laursen. B. W.: Kim, S. Y.- Hansen,
they serve as very simple models for studying the role ofFNH s w.: Stein, P. C.; Flood, A. H.; Stoddart, J. F.; Jeppesen, J. @m.
aryl interactions in conformational flexibility and stability, ina  Chem. Soc2007, 129 960-970. (c) Lunazzi, L.; Mazzanti, A.; Minzoni,
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a three-dimensional structure of biomolecules and protein cojyccini C.: Lunazzi, L.: Mazzanti, Al. Org. Chem2006 71, 6248
folding processe¥ 6250. (f) Mazzanti, A.; Lunazzi, L.; Minzoni, M.; Anderson, J. E.Org.

Chem.2006 71, 5474-5481. (g) Casarini, D.; Coluccini, C.; Lunazzi, L.;
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Chem., Int. Ed2004 43, 1622-1624. (d) Jimenez-Molero, M. C.; Dietrich-
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(20) (a) Gray, R.; Trent, J. Biochemistry2005 44, 2469-2477. (b)
Jourdan, M.; Searle, M. Biochemistry2001, 40, 1031710325.

eBernardineIIi, G.; Corminboeuf, C.; Frey, U.;"Kdig, E. P.; Merbach, A.

E.; Saudan, C. M.; Viton, F.; Weber,J.Am. Chem. So2004 126, 4843~
4853. (r) Rashkin, M. J.; Hughes, R. M.; Calloway, N. T.; Waters, M. L.
J. Am. Chem. So@004 126, 13326-13325.

(22) Sandstim, J. Dynamic NMR SpectroscopyAcademic Press:
London, 1982.

(23) All the line shape simulations were performed using the gNMR
v4.1.0 program.

(24) (a) Burguete, M. |.; Escuder, B.; Gadtspan, E.; Lpez, L.; Luis,
S. V.; Miravet, J. F.; Querol, MTetrahedron Lett2002 43, 1817-1819.
(b) Burguete, M. |.; Escuder, B.; GaecEspaa, E.; Luis, S. V.; Miravet,
J. F.Tetrahedron2002 58, 2839-2846. (c) Burguete, M. I.; Escuder, B.;
Garcm-Espén, E.; Luis, S. V.; Miravet, J. Rl. Org. Chem1994 59, 1067~
1071.

J. Org. ChemVol. 72, No. 21, 2007 7949



]OC Article Alfonso et al.

H?

-~
LU B B L B S B N B N St B BN B N 2 B L N N B B B LB B

ppm (t1) 80 7060 5.0 /4)1’ 3.0 2.0 1.0

-7 ’

I’ ’

’/ 7
r=sza|(r_:_,k_jk_ ’ J;JL k=27005"
! ,_JUL
:r=31ra|<._.’/;/L~ k=1940s"

r=mK:M: T T k=it
T=303K|M| ____f\_______/"\‘___‘_ k=873 ¢
T-SDOK:M: - — 7 T k=Tl s
T=208K | e T k=6265"
T=207Klo——  — e | . T k=571s¢"
r=2se|<'m: - k=553¢"
T=25K; o—— o | ————— ——  ——_ k=506¢"
T=204K1 1 k=464 s
T=298K || k=368
T=288K|—— —— | e T k=284 5"
T=283K Il T e S k=208

reomek ! A o A k= 1e2e
T2k NN N N NN N N k=110

r=2saK:M\_J\J Mu\h k=85s"

FIGURE 1. H NMR spectra oRa (500 MHz, CDC}) at selected temperatures. Atom numbering is as in Scheme 1. In the inset, the experimental
(left) and simulated (right) partial NMR spectra of protons at C2 are shown. Temperatures (K) and computed exchangé) mteskso given
for every trace. Simulated spectra were obtained with the gNMR progiram.

-

also observed previously in related examples and was correlatedneasured by performing full line shape analyses of the protons
to the different solvation of amide NH groupsSwWhen compar- at C2 inlab (Figures 2 and 3) anda (Figure 1, inset). For

ing energetic barriers calculated from the coalescence of 2b, a serious signal overlapping prevented accurate computer
different signals of the same compound, we found a very good simulation of the spectra. Besides, this analysis allows us to
fitting for the larger rings. Merging different entries, we know the temperature dependence of the conformational energy
estimated an averageXlG* = 13.7 kcal/mol for2a (see entries barrier itself. Arrhenius activation energieB,( or enthalpic
10—16 in Table 1) and\G* = 14.0 kcal/mol for2b (see entries (AH%) and entropic AS") contributions to the free energy of
17-21 in Table 1), the individual values obtained for each activation were obtained either by k)(versus 1T or Eyring
proton signal being within experimental errat@.4 kcal/mol). plots, respectively (Table 2%.

However, discrepancies above the experimental error were found As predicted, values in Table 2 show a strong temperature
for the smaller macrocycles (compare, for instance, entries 1 dependence of the free energy of activation for this conforma-
and 3-and 4 or 6 and 8 and 9 in Table 1). Interestingly, these tional proces$® Thus, the value of the entropy of activation is
differences are observed for signals presenting very different negative in all cases. BesideAS' is larger for the smaller
coalescence temperatures, which depend on both energeticycles, being predominant ovAH* in its contribution toAG*.
barrier of the conformational process and frequency difference As entropy can be seen as the thermodynamic measurement of
between exchanging nuclei at the slow exchange reéimbis

3+ _ (25) This entropic contribution has been previously reported in related
trend suggested th&G™ is strongly dependent on the temper systemns: (a) Chang, M. H.: Masek, B. B.. Dougherty, DJAAM. Chem.

ature, in other words, that the energetic barrier is entropically soc 1985 107, 1124-1133. (b) Chang, M. H.; Dougherty, D. A. Am.
driven. To check this proposal, the activation parameters were Chem. Soc1983 105 4102-4103.
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TABLE 1. Frequency Difference ¢v, Hz), Coalescence Molecular Modeling. For a clearer picture of the more stable
Temperature (Tc, K) and Energetic Barrier at Tc (AG*, kcal/mol) conformations of these peptidomimetic naphthalenophanes, a
for Conformational Process of Napthalenophanes 1a,b and 2a.b Monte Carlo random conformational search with MMFF force
Using Different Proton Signals . L

field minimization was performed for every compoutidihe

1] a + . .
entry compd Fs'ig'r']\g'? (‘?_l"z) T. () (kcﬁ/%gljm solvent global minima (_)f energy thus obtained for every macrocycle
are shown in Figure 4.
% i: :,ﬁ’“d&NH 2%8:2 g%g i% BM?% All of them showed the naphthalene moiety perpendicular
3 la H2A 200.0 375 17.6 DMSQ@ks to the macrocyclic main plane, in good agreement with reported
4 la  H2B 2315 378 17.6 DMS@s crystal structures and molecular modeling studies on similar
g ig :?o 1%.% 33233 11%'% gmg%z compoundg?-26This disposition would set the peptidomimetic
7 1b  amide-NH 175.8 383 18.2 DMSQ@l chain on top of the anisotropy cone of the naphthalene ring,
8 b H2A 184.8 403 19.1 DMS@k explaining the observed upfield shift of the corresponding
18 %g :gB i%g gég igg gggl% signals, which is especially important for the amide NH protons.
11 %2a  H7 640 283 13.8 CDGI Amide protons are H-bonded to the amino nitrogens, forming
12 2a  amide-NH 2825 294 13.5 CDGl five-membered rings in all the derivatives. Additionally, for the
13 2a  H2A 2658 297 13.6 CDGl smaller cycleslab, there is an interesting £€0---H—N
1‘5‘ %Z :gB ﬁgg gg? igg ggg: hydrogen bond, forming a seven-membered ring, which re-
16 2a  H5 185.0 293 13.6 CDGI sembles the-turn conformation found in peptide structufés.
17 2b H9 97.6 295 14.2 CDGl On the other hand, the minima for the phenylalanine deriv-
%g gg f_"’;‘f& NH %gg-g gg; }Z‘-g ggg: atives (Lb and2b) tend to set ther-cloud of the aryl moieties
20 2b H2B 1518 297 14.0 CDGI of the side chains close to the H-bound amide protons, being
21 2b  H3 55.2 280 13.7 cDaGl especially of note for compouri. This suggests the possibility

aMeasured at the low-temperature spectr@alculated using the ap- of an NH--x stabilizing |nte_ract|0n. Actually, measured dis-
proximated formula foAG* at the temperature of coalescene&stimated tances orib between the amide NH and the center of the closest
error £0.4 kcal/mol. C—C bond of the aromatic rings (2.68.05 A) imply a
naphthyt--amide NH--phenyl sandwich disposition. This sce-
molecular disorder, the negative valueAf should meanthat ~ nario would explain the more efficient desolvation of the
the transition state (TS) must be more ordered than the groundH-bound amide NH groups ihb, leading to a much largexS*
state (GS). This molecular order could come from a less flexible value. We also have used molecular modeling for the qualitative
TS than the GS or from an increasing solvation from the GS to Vvisualization of the solvation differences betwekmand 1b.
the TS. More interestingly, the effect of the side chains is mainly The computed solvent-accessible surfaces for both minima (see
entropic (see entries 1 and 2 in Table 2), k@ value being Supporting Information) showed clear differences, highlighting
identical for both derivativetaand1b at 298 K. Upon heating, ~ the more hindered accessibility of DMSO molecules to the
the very large entropic contribution thG* for 1b increases ~ amide groups irlb due to the presence of the aromatic rings.
the energetic barrier much more than i@ highlighting their Conformational Control by NH --+7r Interactions. Since the
differences at the coalescence temperatures. Comparing ringsesults obtained for the macrocycléa,b and2ab suggested
of the same size, the change in the internal molecular orderthe participation of NH - interactions in the conformational
from the GS to the TS should be very similar; the entropic stability of the compounds, we envisioned other derivatives to
difference betweerlia and 1b is most likely related to the  demonstrate the utility of this effect to design a preferred
solvation properties of both. These results must be carefully conformation and folding of the structures. We udéxdas the
considered if the measurements have been performed in verystarting point because it showed the more efficient- Nl
different solvents but are completely correct when comparing interaction by molecular modeling and VT-NMR (largest
results measured in the same solvent (entries 1 and 2 in Tableentropic contribution to the energetic barrier). With this aim,
2). In these macrocyclic systems, hydrogen bonding abilities we synthesizedcandmeselb (Scheme 2), which can be seen
play a very important role in the conformational preferences as variations of the previously studiét. Thus,1c would be
and have to be taken into accodhwith this regard, the amide
NH chemical shifts ofla,b showed little differences when the (27) All the molecular modeling was performed usingpartan ‘04
IH NMR spectra acquired either in CDQIr in DMSO-ds were Wavefunction, Inc.: Irvine, CA, 2004. For MMFF force field calculations,
compared$(DMSO-ts) — 6(CDCl3) = 0.49-0.51 ppm]. These see: Halgren, T. AJ. Comput. Cheml996 17, 490-519 and the other _
data support the efficient shielding of the pseudo-peptidic moiety \%ﬁ’ig? o 2';5}5;‘;3: Kf”l.f‘g?]gtr‘m rgf?jgr'rclzo‘;"”"gj_'g'l?',li'r;?ﬁ" T'f?{?’ J
from solvent molecules. Accordingly, the corresponding bis- Lee, M. S.; Lee, A. M.; Gwaltney, S. R.; Adams, T. R.; Ochsenfeld, C.;
(aminoamide) portion would present an intramolecular H- Gilbert, A. T. B.; Kedziora, G. S.; Rassolov, V. A} Maurice, D. R.; Nair,

; it ; N.; Shao, Y.; Besley, N. A.; Maslen, P. E.; Dombroski, J. P.; Daschel, H.;
bonding pattern, as initially observed with related syst&fis. Zhang W.. Korambath, P. P.. Baker, 1. Byrd. E. F. C.: van Voorhis, T

Moreover, as the flipping of the naphthalene ring with respect oumi, M.; Hirata, S.; Hsu, C.-P.; Ishikawa, N.; Florian, J.; Warshel, A ;
to the macrocycle implies the breaking of the intramolecular Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.; Pople, JJAComput.

H-bonging pattern, the more efficient the prevention of the Chem.200Q 21, 1532-1548.

solvation of the amide NH is, the larger the barrier for the ring 5 S%B)Bg?alﬁbx.(;Jaggt,iaggenckﬁgm u&%?g?ﬁ?fé;é%ébﬁ |r§§gfz,

inversion ist” With this rationale in mind, the largexSF value 399. (c) Vass, E.; Hollsi, M.; Besson, F.; Buchet, Chem. Re. 2003
for 1b than forlawould imply a more efficient desolvation of ~ 103 1917-1954. (d) Guruprasad, K.; Rao, M. J.; Adindla, S.; Guruprasad,

; ; ; ot L. J. Pept. Res2003 62, 167—174. (e) Improta, R.; Barone, V.; Kudin, K.
the amide bond in the phenylalanine derivative. N.; Scuseria, G. EJ. Am. Chem. So€001, 123 33113322, (f) Marraud,

M.; Aubry, A. Biopolymers1996 40, 45-83. (g) Rose, G. D.; Gierasch,
(26) Becerril, J.; Bolte, M.; Burguete, M. |.; Galindo, F.; Gardtspaa, L. M.; Smith, J. A.Adv. Protein Chem1985 37, 1-109. (h) Toniolo, C.
E.; Luis, S. V.; Miravet, J. FJ. Am. Chem. So2003 125, 6677-6686. Crit. Rev. Biochem.198Q 9, 1-44.
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FIGURE 2. Partial (protons at C2 carbon) VT-NMR spectralaf(5 mM, DMSO-ds, 300 MHz): experimental (left) and simulated (right). Values
of temperatureT, K) and interconversion rate,(s™%) are also given for every trace. Simulated spectra were obtained with the gNMR pr&gram.
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FIGURE 3. Partial (protons at C2 carbon) VT-NMR spectralsf(5 mM, DMSO-ds, 300 MHz): experimental (left) and simulated (right). Values
of temperatureT, K) and interconversion rate,(s™%) are also given for every trace. Simulated spectra were obtained with the gNMR pr&gram.

T=323K k=28¢"

TABLE 2. Activation Parameters for 1a,b and 2a

Ea AH* AS (cal AG*(zgg
entry compd (kcal/molp (kcal/molp K—1mol-1)P (kcal/moifl solvent
1 la 115 10.8 —18.3 16.2 DMSCOdg
2 1b 8.9 8.1 —27.0 16.2 DMSOds
3 2a 9.7 9.1 —15.3 13.7 Ccbg

aEstimated erro#=0.15 kcal/mol.P Estimated errog=0.5 cal K- mol~1.

the result of the elimination of one phenyl ring in one side chain
of 1b, while meselb was designed to check the effect of spatial
disposition of side chains. Additionally, since the pseudo-
peptidic chain has been constructed by the assembly of two
different amino acids (Phe and Ala fic or b/L-Phe formese

1b), the averag€, symmetry in the fast exchange regime was
broken. As a consequence, the flipping proposed on these
derivatives (Scheme 2) would produce two different diastereo- FIGURE 4. Minima of energy forlab and2ab. Hydrogen bonding
isomers regarding the planar chirality of the naphthalenophane.interactions are red dashed lines.
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SCHEME 2. Molecular Structures and Proposed Conformational Equilibria for 1¢ and mesaelb

Y :Nz\/@ @vgi“ . Hi\/@
NH HN NH HN
~—/ o o (0]

1c meso-1b
< >
. NH AN . NH ' HN
—_—
NH HN gﬁNH HN
“_/ © 9

RO R

One of them would set the naphthalene and the aromatic side Fortunately, NMR analysis ofmeselb was even more
chains in opposite sides of the macrocycle (anti or type | in illustrative, as its'H NMR spectrum showed a unique, very
Scheme 2), and the other would locate both aromatic groupssimple, and symmetric structure in solution (both in DM8§€-
toward the same macrocyclic face (syn or type Il in Scheme and in CDC}), which remains unaltered up to 403 K (300 MHz,
2). As the energy barrier for the inversion of the 16-membered DMSO-Us), suggesting a very stable conformation. With the help
ring is expected to be similar to those measuredlfgb, both of a full set of 1-D NOESY experiments, we were able to
diastereomers (I and Il) will interconvert slowly in the NMR  unambiguously assign this species to besyrell diastereomer
time scale, making their correspondirigd NMR signals (Figure 7). For instance, selective irradiation on H9 produced
observable at room temperature. Besides, these two diastereoNOE enhancements on H10, amide NH, and one of the
isomers would display different abilities to set the proposed diastereotopic protons on C2, H2A. On the other hand, irradia-
NH---7r interactions, as a consequence of the geometrical tion on the diastereotopic counterpart, H2B, produced a NOE
disposition of the naphthyl and phenyl groups. Taking this into effect on H7 and H3, the & proton. Besides, the amide NH
account, we anticipated th&ynll isomer to be favored, its  proton resonates at low chemical shifts (Figure 5), due to the
relative stability being an indirect measurement of the role of shielding effect of the anisotropy cones of the aromatic rings.
NH---7r interactions in the folding of the model compounds.  These data confirm that both aromatic groups point toward the
According to our design, thé NMR spectrum ofL.c showed same face of the macrocyclic ring and that the amide group is
a complicated group of signals as an indication of the presenceclose to the naphthalene ring, thus preventing solvent acces-
of two species in solution, which were characterized by sibility to the NH protons. Regarding that, the temperature factor
bidimensional COSY, TOCSY, and NOESY experiments (Sup- of the amide NH chemical shift in DMS@s was found to be
porting Information). Detailed analysis of the 2-D NOESY notably small, AONH/AT = —2.30 ppb/K?® Besides, the
spectrum confirmed the presence of both rotamers | and Il chemical shift difference of thi¥H NMR signal in CDC} or
connected through EXSY cross-peaks (Supporting Information) DMSO-ds [6(DMSO-ds) — 6(CDCl;) = 0.39 ppm] was also
and allowed the partial assignment of their corresponding proton small. All these data support the existence of a strong intramo-
signals. Careful integration of some of these signals rendered alecular hydrogen bond pattern even in a very competitive solvent
2:3 mole ratio of I/ll diastereoisomers (500 MHz, 303 K, and a poor solvent accessibility to the amide NH protons, in
DMSO-tg). This would mean thafGzozky = 0.25 kcal/mol good agreement with the proposed conformation and our initial
favorable to thesynll isomer. Additionally, we estimated from  design.
VT-NMR experiments the energetic barrier for the intercon-  This structural arrangement was also obtained by molecular
version to beAG¥7ak) = 19.2 kcal/mol, in good agreement modeling studie® (Monte Carlo search and MMFF force field
with that observed fotb. Monte Carlo conformational searches  minimization), which showed the preference of the macrocycle
on 1c also showedsynl as a more stable conformation than to adopt thesynll structure, being 3.5 kcal/mol more stable
anti-1, although the computed energetic difference (MMFF force than theanti-I diastereoisomer (Figure 6A and Table 3). The
field) was much higher than the experimental one. However, minimum found forsynll also showed internuclei distances in
the energy minima thus obtained also show the H-bonding
pattern and NH-z interactions previously found fodb (29) It was not possible to accurately measure the corresponding amide
(Supporting information). Thus, both experimental NMR data NH temperature factor for all the other compounds due to exchange
and modeling reflect the preference of the aromatic rings to set Ereoriﬁgedgbyd;”.gs'nXerégﬂzg ﬁlgn%)rgE cﬂ?m%tcl)zl 26 ggggfg%g
to the same face of the macrocycle, probably interconnected ) gelvisi, L.; Gennari, C.; Mielgo, A.; Potenza, D.; Scolasticofar. J.
through aryt-NH—aryl contacts. Org. Chem.1999 389-400.
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AN tion by computing the solvent-accessible surface (Figure 6B).
. In this conformation, the aromatic rings create an electron-rich
/) desolvated cavity, perfectly suited to host the intramolecular
o 9'3“"’* H-bonded amide NH group. This calculation agrees with both
~—\ H 10 5~ the low chemical shift and the temperature factor of NH protons
/ . N~ in a highly competitive solvent, such as DMSO.
y 0 ./ 0 / )\ We have performed additional theoretical calculations to
o=/ \ 4 understand the nature of the NHz contacts in our most
efficient model,meselb, in spite of the controversial debate
H7 H2A about the origin of weak interactio%.Previous theoretical
' calculationd! found that amide-aromatic interactions mainly
l H2pH3 emerge from a combination of dispersion and electrostatic
R I | 0 _l{ ) forces, which both have an electronic origin. Then, we optimized
H10 H2A " the system using more accurate DFT quantum calculations at
\.\ ~ the B3LYP/6-31G(d) level of theory. Full optimization of both
H9 NH diastereoisomers aheselb yielded two minima with geom-
__\1] /,_J \ A I etries only slightly different from those obtained by MMFF force
H1oll H7 H2A field calculations and characterized by the disposition of the
H9 \ H2B H3 amide NH bonds perpendicular to the naphthalene main plane
NH (Figure 7A). These T-shaped geometries maximize the attractive
interaction between the electric dipole of the amide groups and
J the quadrupole of the aromatic ring, and they are expected to
r , . , , , be favored by quantum calculations in the gas phase. Interest-
8.0 7o 6.0 5.0 4.0 30 ingly, DFT calculations rendered a closely similar energy
3 (ppm) difference,AE = 3.7 kcal/mol, favorable to thsynll diaste-

FIGURE 5. Selected 1-D NOESY experiments (500 MHz, 303 K, [€0iSomer, in good agreement with the molecular mechanics

CDCl) of meseilb obtained by selective pulse field gradient irradiation  @PProach. Thus, the MMFF force field seems to reflect the
(bold arrow) on H9 (blue trace) or H2B (red trace). NH---77 interactions in a reasonable fashion, at least for a first

approximation. On the other hand, the DFT energy difference
would render a population of 99% of thesynll isomer up to

403 K, in a perfect agreement with the observation of only this
rotamer by VT-NMR experiments within our accessible tem-

perature range.
To better visualize the NH-sr stabilizing contacts, we used
model of the minimum found for theynll isomer of meselb
at the B3LYP/6-31G(d) level of theory showed clear van der
Q i : =5/ aromatic w-cloud of the naphthyl ring (Figure 7B). This
y £ Jf = = ‘{.‘ observation follows the existence of dispersion forces between
( AW = : V \ NH---7 interactions can be performed using the electron density
L\ %}’ ¥ of the whole molecule, available from the electronic configu-
- stabilizing contact has an important electrostatic contribution,
we mapped the electrostatic potential (ESP) onto the global
oisomers ofmeselb, with hydrogen bonds as red dashed lines. (B) iIIustrg.tive purpose&:The electrqn-rich areas.(mgimyelectron
Front and side views obynll geometry displaying the solvent-  densities and electron lone pairs) are qualitatively represented
yellow. atoms) are in blue. Electron density surfaces at different
isosurface values (Isoval) are shown in Figure 7C. The electron
intramolecularly H-bonded amide protons, surrounded by the the electronic charge and reflects a close similarity to the CPK
aromatic rings. A careful analysis of the structural differences

two different graphical representations. First of all, the CPK
B s Waals contacts between both the amide NH atoms and the
both moieties of the system. A further representation of the weak
“\i\ #" ' r ration obtained by the B3LYP/6-31G(d) calculaticR#\s this
FIGURE 6. (A) Minimized structures fomnti-l and synll diastere- electron density surface, different contours being evaluated for
accessible surface. The solvent excluded amide NH protons are inin red, while the electron-poor areas (mainly polarized hydrogen
agreement with the experimental NOEs and presented twodensity isosurface at Isovat 0.002 au represents98% of
between both geometries (I and 1l) showed a closer contact of  (30) Dunitz, J. D.; Gavezzotti, AAngew. Chem., Int. ECR005 44,

the amide hydrogen atoms with the naphthyl ring forsiiel 1re6-1787. o . hvs. Ch

isomer (Table 3). Consequently, the theoretical calculations 10513}1)5?5_""2552" Smith, V. H., Jr.; Weaver, D. ¥.Phys. Chem. 2000
nicely reflect the stabilization effect of the amide NHryl (32) Hehre, W. JA Guide to Molecular Mechanics and Quantum
contacts and also give an explanation for the complete diaste-Chemical CalculationsWavefunction Inc.: Irvine, CA, 2003.
reoselectivity obtained in solution. (33) This approach has been very recently used to study-sagamatic

. g . L weak interactions: Terraneo, G.; Potenza, D.; Canales, A_ndimBarbero,
Also, in this case, we tried to qualitatively study the solvent ;. Baldridge, K. K.; Bernardi, AJ. Am. Chem. So@007, 129, 2890~

exposure of the amide NH protons in the most stable conforma- 2900.
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TABLE 3. Selected Structural Data of the Two Minimized Geometries (MMFF) Found formeselb

structure H atom d[N—H-+-N]2 d[N—H-+-PhP d[N—H-+NapP E (kcal/moly
anti-1 (R)—C*—CONH 2.37 2.95 2.85 129.6
(9—C+—CONH 2.38 2.89 2.87
av 2.38 2.92 2.86
synll (R—C*—CONH 241 2.81 2.84 126.1
(9—C*—CONH 2.28 3.07 2.69
aw 2.35 2.94 2.74

aDistance (A) from amide H to the amino nitrogen, forming a five-membered Pilgstance (A) from amide H to the center of the closest aridC
bond.c Computed energy using the MMFF force field implemented in Spartad 8deraged value (A) between both amide hydrogen atoms.

* o»

anti-l

Isoval = 0.003 au

Isoval = 0.007 au Isoval = 0.009 au Isoval = 0.02 au

FIGURE 7. (A) Minimized B3LYP/6-31G(d) geometries for both diasterecisomermeselb. (B) CPK model forsynll diastereoisomer. (C)
ESP mapped onto the global electron density [B3LYP/6-31G(d)] at different isosurface values (Isoval)spritheinimum of meselb.

representation. The relative ESP around the amide protonsamino acids (Val and Phe) has been studied by VT-NMR and
clearly indicates contact with the naphthalene ring, confirming molecular modeling. The flipping rate of the naphthalene moiety
their mutual bonding interaction. The surface at Isevd.003 occurs within the NMR time scale range, which has allowed us
au, encompassing a smaller electron density and accordinglyto deeply study this dynamic process. From the VT-NMR
closer to the nucleus, still shows important overlapping between experiments, clear tendencies have been observed depending
both NH groups and naphthyl moieties. The contact with one on the macrocyclic ring size and, more interestingly, the nature
of the amide NH atoms is lost at Isoval0.005 au, suggesting  of the side chain of the peptidomimetic fragment. In general,
a lower limit of ca. 3.1 kcal/mol for the energy of the interaction macrocycles bearing aromatic side chains tend to be less flexible
with both groups. The isosurface at 0.007 showed the contactrelated to the ring inversion process. The negative values of
of naphthalene with only one of the amide protons. Moving AS' are noteworthy, which is most likely due to a higher
yet closer to the nucleus, at Isoval 0.009 au, no contact  solvation of the TS as compared to the GS. This observation is
between the amide NH groups and the naphthyl ring was especially important for the derivatives bearing aromatic side
observed. Interestingly, we have to move much closer to the chains. Molecular modeling suggested the participation of amide
nucleus, at Isovat= 0.02 au, to eliminate the amigd@mine NH:--7 interactions on the preferred conformations, which lead
intramolecular H-bond, highlighting that this interaction is to a more efficient desolvation of the pseudo-peptidic moiety
stronger than the amide NHz contact. Besides, this analysis  due to the presence of aromatic rings.

allowed an estimation of the extent of the Nk interactions To confirm our proposal, we designed and prepared new

in this SyStem, located W|th|n 0.06%.009 au 'Or 3.25.6 kcall derivatives n_c and meselb) in which the fllpplng process
mol. These values are in good agreement with our experimental, 4 jead to different diastereoisomers regarding the planar
and theoretical resu_lts, as well as with published calculations chirality of the naphthalenophane ring. Careful NMR analysis
on benzeneformamide complexes. of these derivatives confirmed the major presence of the
corresponding rotamers showing both aryl groups (naphthyl and
benzyl) toward the same side of the macrocyclic main plane,
The conformational behavior of 16- and 17-membered ring surrounding the peptidic NH bonds. This stereoselectivity is

macrocyclic naphthalenophanesa and?2ab) derived from moderate forlc but complete fomeselb. The'H NMR data

Conclusion

J. Org. ChemVol. 72, No. 21, 2007 7955
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for meselb in different solvents and temperatures suggested (AG*) at the coalescence temperatufg (vere obtained from the

that amide NH is implicated in a strong intramolecular hydrogen following formula: AG* = RT22.96 + In(TJ/dv)].? Fitting of

bond and immersed in a desolvated environment. Besides,dynamic NMR line shapes at different temperatures was performed
molecular mechanics showed good agreement with experimentafith the gNMR progran®® The activation parameters were
results and confirmed the participation of amide Nt calculated by the least-squares fitting of suitable plots of the
interactions in the stabilization of the major diastereoisomers. €0rresponding kinetic values obtained from the line-shape analysis
Further DFT quantum mechanics calculations were also per- and the measured temperatures of the experimental spectra. As the

formed, showing a very good agreement with both experimental simulation could be carried out at several temperatures (eight or

o9 more), the estimated error iNG* is about+0.15 kcal/moP® To
and MMFF data. The combination of CPK models and ESP ,yyain the minima of energy by molecular modeling, the conformer

analysis onto the electron density surfaces allowed us 1o gjstribution calculation option available in Spartan ‘04 was (Eed.
characterize this NH-z stabilizing contact as a combination wjth this option, an exhaustive Monte Carlo search without
of dispersion and electrostatic interactions. By the combination constraints was performed for every structure. The torsion angles
of all theoretical and experimental data, we limit this interaction were randomly varied, and the obtained structures were fully
within the energetic range of 3-5.6 kcal/mol. optimized using the MMFF force field. Thus, 100 minima of energy

The study of amide NH-x interactions in model systems is ~ within an energy gap of 10 kcal/mol were generated. These
of great interest for the understanding of these noncovalentstructures were analyzed and ordered considering the relative
contacts in biological chemistry and molecular recognition €nergy, the repeated geometries being eliminated. When different
processes. From our studies, we found that both dispersion andiasterecisomers were possiblec @@and meselb), we calculated
electrostatic interactions contribute to the bonding stabilization bo“; rotamerslseparaterl]y to ensfure the Completel mlapplng of rt]he
energy, with solvent exclusion playing a fundamental role. Sonformational energy hypersurface. For DFT calculations at the
Besides, their use to induce a highly diastereoselective confor- B3LYP/6-31G(d) level of theory, full minimization and frequency

SRS . analysis were performed with Spartan 94 he ESP mapped onto

mational preference is, as far as we know, unprecedented.y,q giohal electron density surfaces was computed at IseGe002,
Indeed, the cooperative operation of Ntk weak interactions 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, 0.009, 0.010, 0.015, and
and solvent exclusion make one of our simple modeisse 0.020 au using the B3LYP/6-31G(d) wavefunction and with the
1b) to exclusively fold into one of the possible diastereomeric facilities also available in this package. The graphics of the CPK
geometries, in the same manner as biomolecules often behavenodel and ESP electron densities represented in Figure 7 were
in nature. displayed using Spartan ‘G4.
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