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Abstract: This study delineates general methods to create a new class of folded oligomers by covalently
attaching overcrowded aromatics to each other. Crucial to observing the secondary structure in these
oligomers was the employment of C-shaped linkers. These linkers preorganize the strands to form
intramolecular hydrogen bonds. In solution, one- and two-dimensional *H NMR data show well-defined
columnar conformations. The side chains in these oligomers are critical for the secondary structure to
emerge in solution. Using tris(dodecyloxy)phenethyl side chains in combination with tert-butyl side chains
in the terminal subunit provides a soluble trimer and prevents intermolecular association above millimolar
concentrations. This new folding motif, formed through a synergy between hydrogen bonds and z-stacking,
is so robust that even dimers have secondary structure in solution.

Introduction

In recent years, there has been intense interest in the design
synthesis, and study of abiotic oligomers of defined length that R OR ‘ covalently
—

fold into well-defined secondary structures known as foldarhers. R-—N o inked

Crowded aromatics such agFigure 1a) were recently shodn o OR HN.

to be a general method to create discotic-like liquid cry3tals folded
held together by hydrogen bontietailed below are the H'_CHchzPh su;ce)::tnr.::l:t[:re

synthetic methods to covalently attach these mesogens to each R =Ci2Has
other (Figure 1b) and data showing toaty when certain linkers Figure 1. (a) Previously reported mesogé(h) Schematic representing a
are employed do the oligomers fold into well-defined columnar covalently linked trimer ofl.

conformations in solution. This new folded motif, formed

through a synergy between hydrogen bdnatsd 7z-stacking® is so robust that even dimers have secondary structures in
solution.

(1) For foldamers, see: (a) Cheng, R. P.; Gellman, S. H.; DeGrado, W. F.
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(2) (a) Bushey, M. L.; Hwang, A.; Stephens, P. W.; NuckollsJCAm. Chem. chains, a synthetic method is required that differentiates the
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Figure 2. (a) Homo- and heterodimers synthesized with linker(b)

Homodimers with linkersl —IV .

amines, and the ester is saponified to yield the monod&ids
in 31—36% yield from2.

The monoacid, diamide&—8 are coupletl with the primary
diamines of linkersI—IV (shown in Figure 2) to yield
homodimers9—11 and 13—15. A monoprotected version of
linker | allowed the heterodimet2 to be synthesized from
coupling two different subunits3 and 6.5

(10) By the method of: Xu, Y.; Miller, M. JJ. Org. Chem1998 63, 4314~
4322,

aReagents and conditions: (a) (i) KOH (1 equiv), rt; (ii) TPAP, NMO,
4-A molecular sieves; (iii) NaClg NaH,P Oy, t-BuOH/2-methyl-2-butene;
(b) RiNHz, EDC, HOAt, DMAP; (c) (i) KOH,A; (ii) BocNH-X-NH>, EDC,
HOAt, DMAP; (iii) TPAP, NMO, 4-A molecular sieves; (iv) NaCK
NaH,POy, t-BuOH/2-methyl-2-butene; (dB-NH-X-NH,, EDC, HOAt,
DMAP; (e) (i) HCI in EtO; (ii) 6, EDC, HOAt, DMAP.

The synthesis shown in Scheme 2 allows each of the amide
side chains to be individually addressed so that higher oligomers
can be constructetdThe monoalcohol results from hydrolysis
of one of the acetate functions df This compound is then
elaborated through a sequence similar to that used in Scheme 1
to produce the key bifunctional intermediat®. Through a
coupling/deprotection strategy similar to what was used for
heterodimeil2, the trimer20 can be synthesized. This route is
universal and should allow for the synthesis of higher step-
growth oligomers.

Determination of Secondary Structure. An energy-mini-
mized molecular modé&! of a trimer that adopts a columnar
motif due to the three hydrogen bonds between each subunit is
shown in Figure 3. The linker used in this model is the 1,8-
naphthalenediol-derived linkér Models using linketl show
a similar structure. LinkelV , derived from 2,6-naphthalenediol,
serves as a control experiment, being too rigid and linear to
allow intramolecular hydrogen bonds to form. An important
feature of the models is that they display a folded motif if the
linkers are linear alkyl (longer than 10 carbons) like or
curved and more rigid liké andll . The studies below test the
importance of a C-shaped, preorganized linker.

Shown in Table 1 is a comparison of the amitieresonances
for the homodimer®—11 and 13—15 and monomef. Of the
solvents tested (including acetone, benzene, chloroform, dichlo-
romethane, DMF, and dimethyl sulfoxide), only THE-was
able to dissolve each of the compounds listed in Table 1. For
linker I or Il with phenethyl side chains, the amide resonances
occur around 8 ppm. However, the resonances for dimers with

(11) Molecular modeling was performed using MacroModel v.7.0 and the
Amber* forcefield: Mohamadi, F.; Richards, N. G. J.; Guida, W. C.;
Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still,
W. C.J. Comput. Cheml99Q 11, 440-467.
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Figure 3. Top and side views of an energy-minimizédomputer model (b)
for a trimer that is tethered with a substituted naphthalene linker. The
oligomer folds itself into a columnar conformation in solution (side chains 0
omitted to clarify the view).
N
Table 1. Amide 'H NMR Resonances for 1 and Homodimers H
9—11 and 13—152 Q
. . . linker nonlinker Q o o RO
linker side chain N-H/ppm N-H/ppm
monomer 1 phenethyl 7.18 H RO
dimer 9 | phenethyl 8.21 8.03
10 | t-Bu 7.63 6.67
11 | TDP 8.07 7.81 o RO
13 Il phenethyl 8.08 7.97
14 1] phenethyl 7.19 7.30 +Bu—N
15 \% phenethyl 7.32 7.20 H
aFor 9—11and13-15, 1 mM, THFds, 333 K. Forl, 2 mM, THF-ds, a trimer 20
333 K. H
_ , LN A
linkerslll andlV and for the monomet occur~1 ppm upfield. . - . g
9.0 8.5 8.0 6.0

The large downfield shifts of amide resonances are diagnostic
of hydrogen bond formation. Therefore, the C-shaped linkers
with subunits derived fronY are able to form intramolecular

hydrogen bonds while the energetic cost is too great to are almost insoluble in these solvents due to an extended

reorganize the linear alkyl linkefl . . ~intermolecular hydrogen bond network being formed.

Also demonstrated by the data in Table 1, the choice of side ko the heterodimet2 derived from two different subunits
chain is critical for a folded conformation to be observed in yne with TDP and one withert-butyl amide subunits, there
solution. Oligomers initially synthesized employed the phenethyl 5. distinct sets of amide resonances, two upfield7 ppm)
side chains because they had proven effective in yielding regulargngq wwo downfield £7.6-8 ppm) shown in Figure 4a. The
columnar assemblies frot? The bulkiness of the side chains  ygwnfield amide resonances are derived from the TDP side-
for dimer10is too great, and its amide resonances are shifted cnain amides andneof the linker amides, and the far upfield-
upfield relative to9 and 12 (shown for12 in Figure 4a). shifted resonances are from thert-butyl amides and the

The tris(dodecyloxy)phenethyl (TDP) side chain was used remaining proton on the linker amide. This implies thatteme
to impart greater solubility to the oligomet$and its amide  putyl amides are able to act as the hydrogen bond acceptor
resonances are downfield shifted similar to those from the through their carbonyls and the TDP amides act as the hydrogen
subunit with phenethyl side chains. As an example of the pond donor and that each of the linker amides acts independently
SOlUbiIiZing power of the TDP side Chain, a trimer was |n|t|a"y as a donor and as an acceptor. Dilution experimenmaveaj

synthesized with phenethyl side chains and proved to be solublethat its amide resonances are constant (within 0.015 ppm)
only below millimolar quantities in dichloromethane. In contrast, petween 3 and 0.2 mM.

trimer 20 with the TDP side chains is soluble beyond 20 mM Shown in F|gure 4da is the result of a two-dimensional

in dichloromethane. ROESY-NMR experiment for heterodimelr2 in CD,Cl,.13
Another strong indication that there are intramolecular There are three NOE couplings between the TDP side chains
hydrogen bonds in dimers with C-shaped linkers is their (both the aromatic singlet and the two methylenes) andktite
solubility profile. 9 and11—-13are freely soluble in chloroform  putyl side chains. In molecular models of an extended confor-
and dichloromethane while dimers with linear linkeig},(15) mation, these protons arel0 A from each other, much too far

Figure 4. NOE couplings andH NMR spectra (1 mM in CBCl,, 303 K)
for (a) 12 and (b)20.

(12) These side chains have proven useful in solubilizing other discotics; see (13) By the procedure of: Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren,
refs 4i,j. C. D.; Jeanloz, R. WJ. Am. Chem. S0d.984 106, 811—813.
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to display through space couplings, but are hell3-2.7 A studies are derivatizing each subunit differently to see whether
apart by the intramolecular hydrogen bonds in the folded columns with programmed functionality can yield tertiary and
conformation. quaternary structure in solution.

In the IH NMR spectrum (Figure 4b) for trime20, nine
amide protons reside in three sets of peaks. The set of overlappedExperimental Section
resonances at 83.7 ppm is assigned to the six hydrogen-
bonded amide protons in the top and middle subunits (the green
circles in Figure 4b). Similar to dimet2, the resonances for
thetert-butyl amides are far upfield-shifted, indicating that they
are exposed to solvent. Théd NMR spectrum is simple,

Synthesis.Synthetic details and characterization 2+20, diamine
linkers I =1V, and the monoprotected linker fromare contained in
the Supporting Information.

H NMR Experiments from Table 1. Solutions of homodimer

imolving that one conformation dominates the signal. The studies were 1 mM in THFels for desired solubility. All spectra taken
implying ! : 'gnal. at 333 K were referenced relative to the isotopic impurity peak in THF-

position of the amide resonances).6 ppm further downfield ds at 3.62 ppm. A small peak present in those spectra around 10.6 ppm

compared to similar protons in heterodinig, indicates that  qriginated from the solvent as evidenced by a coritfdNMR spectrum
the intramolecular amide hydrogen bonds are stronger in the of plank THFds. One-dimensionatH NMR spectra of heterodimer

heterotrimer than in the heterodimer. The origin of the strength- 12 and trimer20 were taken in CBCl, at 1 mM and 303 K and were
ened hydrogen bonds is likely due to a cooperative mechanismreferenced relative to the isotopic impurity peak in/CD at 5.36 ppm.
where two of the subunits coming together preorganizes the cosy and ROESY Experiments. Two-dimensional'H NMR

system for hydrogen bonding to the third subunit. spectra were obtained on a Bruker DRX-500 spectrometer using
Over a dozen unambiguous through-space NOE couplings, standard Bruker pulse sequences, and the data were processed with
indicated in Figure 4b, were obtained for trin®&that confirm Bruker XWin-NMR version 3.1 software. One-millimolar samples of

a folded columnar structufeDilution experiments foP0 show dimer 12 and trimer20 in CD,Cl, were degassed by freezpump—
that its'H NMR resonances are constant (within 0.015 ppm) thaw cycle$” and placed in sealed NMR tubes. Proton signals were
from 0.2 mM to higher than 8 mM, meaning the trimer is less assigned from COS¥ and ROESY* spectra. ROESY spectra were

apt to form intermolecular aggregates than the dimer. recorded with a mixing time of 250 ms and-582 scans. The COSY
and ROESY spectra are given in the Supporting Informationlfor
Conclusion and 20.

This study delineates a general method to synthesize a new
class of folded oligomers from crowded aromatics. Although, ~ Acknowledgment. We acknowledge financial support from
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C. A, Livingstone, D. L.; McCabe, J. F.; Rotger, C.; Rowan, AJEAm.
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