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Abstract Schiff base condensation of the pentadentate pgettal amie 1 with 2,6-diformyl-4-

metylphend 2 leads in a [3 + 6] condensation to ajiously not described macrodgS which stows

C,-symmety. X-ray andysis slows a tuncated cone sépe for3. At T = 100°C, the!H-ROESY/EXSY

spectrum eveals pairwise exchange ofreesponding sites, indidae of inversion of the whole mol-
ecule in an umbrella-likéashion. Molecular dynamicsnsillations support this hypothesis.
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tetrapodal pentadentate ligand with an aromatic dialdehyde,
leading to a peviously undesdbed rew kind of a

, o teramacocyclic ring with interesting dynamic behior.
The terminology “template synthesis” is of fundamental

importance in thdield of supamolecular chemisf. Apart
from the may main group andransition metal group ions - -
used as templates [1], proton template synthesis is becoriResults and discussion
ing increasinty important. Schif base macrocycle conden-
sations g2 among the nmre recentexamples in which pro- The reaction of tetraamanl and dialdehyd@ (see Scheme
ton templates &wve stown to be &ective [2]. In this paper 1) in a 1:2 stoichiometric ratio in refluxing methanol and in
we report on the spontaneoust#f base condensation of a the presence ofvo equvalents of HBr resulted in thfer-
mation of ared precipitag. After anion exchange (ClOor
PF, forBr), red crystals were obtaide

To our suprise, the X-ray analysis evealed a Schiff base
condensation product where three unft4 and six units of
Dedicated to PofessorPaul von Ragué Schjer on the oc- 2 are fused to fam acyclic [3 + 6]-specie 3. The molecular
casion of his 70birthday and in appeciation of his out-  structue of the mamcycle in3 is stown in Figure 1 [3].
standing contiiutions to expemental and thetical chem-
istry
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Scheme 1Schematic representation of thentadentate tetrapodal amire 2,6-diformyl-4-metyiphenol 2 and the Schiff
base tetra-macrocycld
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Figure 1 Molecular struc-
ture of the tetramacrocyclk:
obtained from the condensa-
tion of polyaminel (solid
bonds) and dialdehyde
(open bonds) in the presence
of acid. Hydrogen atoms at
carbons and anions (Bt
PF;") have been omitted for
clarity

Double strand moieties formed by the phenyl rings alternateThe *H- and 13C-NMR spectra of dissolved crystals 8f
with single strand moieties of the pyridines. in DMSO-d; are completely in agreement with the X-ray

Macrocycle3 is chiral and ha€,-symmetry. A side view structure. Due to the inherent threefold symmetry of the
is reminiscent of a truncated cone where the narrow orificenslecule the spectra reduce to the “monomeric” unit shown
at the site of the phenyl oxygens and the wide orifice at itheFigure 2. The numbering therein is adopted from the X-
site of the phenyl methyl groups. Due testacking forces, ray analysis. Numbers of protons in the following refer to the
the phenyl rings are pairwise co-planar, with an averagarent carbon- or nitrogen atoms. Al and'3C-resonances
interplanar distance of 3.7A. All phenolbis(aldimine) unitsave been assigned by a combination of standard 1D/2D-
are planar because of hydrogen bonding in tmeethods [5] (COSY, HETCOR, HMQC, HMBC, COLOC,
N---H---O---H---N arrangements, which involve two aldimR@®ESY) as well as by the newly developed pulse sequence
nitrogens and one phenol oxygen. DPFGSE-ROE [6].

The formation of macrocycl8 is remarkable: in a high-  Due to the double-cone-shaped structur8, dhe phenyl
yield (> 90%) single batch reaction a total of 12 new bondags forming the “inner” and the “outer” cone are non-equiva-
are formed, leading to a cyclic oligomer with an unpréent, resulting in two separatél- and °C-singlets for me-
cedented structure. We suggest that the reaction is drivertiyy groups C19 and C30. In addition, based on the threefold
proton templates in the same way as in the [2 + 2]-condensalecular symmetry, ring positions C27 and C29 are
tion of 1,3-diaminopropane with 2,6-diformyl-4-diastereotopic. Similar considerations apply for other corre-
methylphenol [4]. The role of bromide during macrocyclgponding pairs of positions (e.g., N#3N14 # N21 # N22;
formation presumably is of minor influence since bromide5# C7; etc). All geminal pairs of hydrogen atoms at C11,
may be removed completely by anion exchange. Detailéd2, C34 and C52 are diastereotopic. Since these carbon
studies on the reaction mechanism are underway. positions are diastereotopic themselves, a total of eight pro-

ton chemical shifts for these hydrogen positions result (Fig-
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Figure 2 “Monomeric” unit

in 3. The proton numbers fol-
low the numbers of their par-
ent carbon or nitrogen atoms

ure 3a). Each pair of geminal protons at the above positiamg to its enantiomer. Consistent with this assumption, the
shows a doublet and a double doublet (apparently a triple¢)ative positions of the methyl groups of the pyridine spacers
This is due to the positions relative to the protons at the adja-not change: C10 remains pointing “outward”, irrespective
cent N-atoms: hydramns gaucheto NH show no coupling which enantiomer is present, C32 remains pointing “inward”.
with NH (and, hence, only a doublet due to coupling with tles deduced from the chemical shift differences of pairwise
geminal proton) whereas the hydeng anti to NH reveal exchanging sites, the umbrella inversion of the molecule must
both geminal {J) and vicinal ) couplings (Karplus equa-proceed with a barrier dAG* > 18 kcal mot. This estima-
tion [7]). tion is based on the well-known equation (1) and the Eyring
Interesting dynamic phenomena are observed at elevaggddion. Thesmallest number of the chemical shift differ-
temperatures (Figures 3b and 3c). At ¥Z0the ROESY/ ence of exchanging proton pairs has been employed for this
EXSY-spectrum indicates chemical exchange of the NH-pialculation (H1la~ H22a; Av = 103 Hz).Additional dy-
tons, not unusual for iminium hydrogen atoms. However, reamic effects are observed for some of thetqms anti to
still higher temperatures(100°C) pairwise chemical ex-NH in Figure 3b. We attribute this to differences in the ex-
change of the proton positions of the dialdehyde-derived athange rates of the NH-protons which causes coalescence
matic rings is observed, i.the “inner” lings of the cone for the involved CH-protons.
exchange with their “outer” counterparAdditional exchange

is observed for the imine CH-protons, ekl2 « H23. Keen=TIAV /(2)” (1)
Moreover, of the geminal Ckprotons, each “inner” proton . _
exchanges with its “outer” counterpart, e.g. HjL(chg - To explore the conformational behavior of the molecule,

H22(gauchg; H1l@nt) ~ H22(@nt). We interpret these Molecular Dynamics simulations at different equilibration
observations as a dynamic process in which the entire niemperatures were performed. The common starting geom-

ecule changes conformation in an umbrella-like fashion, le&dty was obtained by minimizing the X-ray geometry using
Allinger's MM3 force field (see details in the experimental
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Figure 3 (a) 'H-NMR spec- 11a 34a
trum of 3 in DMSO-q, N/
+100°C; resonance region of
the geminal CH protons
H11, H22, H34, and H52.The
numbering is based on the
numbering of the parent car-
bon atoms in Figure 2. Sym-
bols a and g denotanti and
gauchepositions relative to
the vicinal NH proton; §)
Same as (a), at +100°Cc¢)
ROESY spectrum of 3
(DMSO-q, +25°C). Cross b)
peaks with more than one
contour are positive (same
sign as diagonal peaks) and
are due to chemical ex-
change. Cross peaks with
only one contour are negative
and originate from NOE

a)

=3
==

i

section). It is important to note that the overall conical shapeygen atoms and (b) the inner and outer adjacent Schiff
of the molecule was maintained during the minimizatiobase nitrogen atoms were calculated.

However, the exact parallel orientation of the phenol subunitFigure 4 shows two representative examples of a plot of
could not be maintained because of the neglect of explicithe distances N12-N14 and N11-N13 during the simulation

- Tt stacking interactions and, not to be underestimated, foy several temperatures. In every frame, a distance of an
the absence of crystal packing effects within a gas-phase simoer atom pair (N12-N14) is plotted together with the corre-

lation. Tocomprehend and quantify a possible inversion sponding outer pair (N11-N13), named according to the situ-
the whole structure during the MD simulation, for every snagtion in the starting geometry (minimized X-ray coordinates).

shot the distances between (a) the inner and outer phenblfie direct comparison of the inner and outer atom pair dis-
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Figure 4 Time evolution of

the distances N12-N14 (inner) 12 . . . . . . . . .
and N11-N13 (outer) during N12-N14 —
the 1 ns trajectory for several N11-N13 ——
simulation temperates. The — 10 | i
terms inner and outer corre- e
spond to the situation inside o
or outside the cone within the o
starting geometry.a): T = S 8 |
400 K. b) As the temperature — |
reaches 600 K the antipodal 8
oscillations indicate an inner/ c 6 ]
outer inversion of the corre- o
sponding phenyl fragments N
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tances belonging together allows the identification of strusitely. This observation is important, because the parallel
tural inversion in that area. phenol subunits of the starting geometry are not coupled in
At temperatures higher than 500 K, oscillations in the pldheir movement by stacking interactions or especially intro-
ted distances can be found. This value should not be calmeed interaction parameters. The oscillating behavior is the
pared quantitatively to the experimental result, becausesame for all Schiff base nitrogen distances and also, with a
the limited simulation time (which requires higher, oftelarger amplitude, for the inner and outer phenolic oxygens
unrealistic temperatures) and the lack of environmental éfiot shown). It is therefore reasonable to argue that these
fects like periodic boundaries or explicit solvent moleculesscillations describe an inner/outer inversion of the molecule.

However, the corresponding inner/outer pairs behave oppo-
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Visual inspection of selected snapshot geometries is tio¢ dynamical behavior of the molecule and not possible
as revealing as expected, because the geometries are hotnfirimum-energy conformations, no subsequent quenching
jectory is in equilibrium at the desired temperature) and gbthe snapshots by minimization or SimethAnnealing
strong geometrical distortions are introduced. This is true ey@ntocols was added. All calculations were performed using
after applying a Simutad Annealing protocol to selectedthe TinkerMolecular Modeling Package.[10]
structures to remove the excess energy (data not shown).
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Experimental

NMR spectra were recded on a JEOLAIpha500

spectrometer (11.7 T) in DMSQ-dolution. For the spectra

shown in Figure 3, an inverse probehead has been used. Spec-

tral parameters of the ROESY spectrum (Figure 3c) weReferences and notes

1024 data points in,tspectral width in fand f 7740 Hz, _

acquisition time 0.1323 sec, 32 scans pémdrement, recy- 1. Gerbeleu, N. V. Arion, V. B.; Burgess, Template Syn-

cle delay 2 sec, 256-increments, spin lock time 1000 ms, thesis of Macrocyclic CompoundsViley-VCH:

temperature 100°C; Figure 3 shows the cutout of the regionVeinheim, 1999.

of the geminal Chiprotons. 2. Tian, Y, Tong, J.; Frenzen, G.; Sun, JJYOrg. Chem.
In order to explore the conformational behavior of the 1999 64, 1442. _ _

compound, we performed Molecular Dynamics simulatiods Schmidt, S.; Bauer, W.; Heinemann, F. W.; Lanig, H.;

according to the following procedure. To obtain a reasonable Grohmann, AAngew. Chemiein press.

starting geometry without internal strain, the X-ray coordt Atkins, A. J.; Blake, A. J.; Schroder, M. Chem. Soc.,

nates were first minimized by a conjugate-gradient algorithm Chem. Commuril993 353.

usingAllinger's MM3 force field [8] until the energy gradi-5- Hull, W. E. In Two Dimensional NMR Spectroscopy

ent was smaller than 0.01 kcal md\-L. During all simula- ~ Croasmun, W. R.; Carlson, R. M. KEds.; VCH:

tions, no explicit Coulomb potential was introduced, electro- Weinheim, 1994.

static interactions were treated by bond dipoles applyind-a Bauer, W.; Soi, A.; Hirsch, AMagn. Reson. Chersub-

dielectric constant of 1.5 for the environment Mitted.

(parameterization defaultaiue). The sticture obtained 7- (&) Karplus, MJ. Chem. Physl959 30, 11; (b) Karplus,

served as starting geometry for all subsequent dynamics simuM. J. Am. Chem. Sod963 85 2870.

lations. 8. Allinger, N.L.; Yuh, Y. H.; Lii, J.-H. J. Am. Chem. Soc.
First, the molecule was heated to the desired temperaturel 989 111,8551.

by app|y|ng a Berendsen Coup"ng [9] to an external bE&h Berehdsen, H. J. C.; Postma, J. P. M.; van Gunsteren,W.

using a coupling time of 0.1 ps. As integration method for F-; Di Nola, A.; Haak, J. RJ. Chem. Phys1984 81,

the Standard Newtonian dynamitse \&locity Velet pro- 3684.

cedure with a time step of 1 fs was used. No distance cutdfs Ponder, J. W. TINKER - Software Tools for Molecular

or periodic boundaries were applied to the energy function. D€sign, Vesion 3.7; Véshington University School of

Every two picoseconds of the ongoing trajectory (length 1 Medicine, Saint Louis, MO 63110 U. S. A. 1999. http://

ns), the conformation was saved, resulting in an ensemble ofdasher.wustl.edu/tinker.

500 snapshots. Because the primary intention was to explore
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