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Directional intramolecular interactions play a critical role in the self-assembly of donor-
Cs-symmetric monomer conformation by intramolecular hydrogen bonding and dipole

the periphery of the tricyclic core stabilize a

o-acceptor molecules in solution. Amide functions on
—dipole

interactions. The molecules are effective organogelators and show long-range ordering in the bulk.

Directional noncovalent interactions, such as hydrogen self-organization of small molecul€sTribenzyl 1-aza-

bonding andr— stacking, underlie self-assembly strategies

adamantanetrionéa, for example, shows organogelation

to control the association and alignment of functional organic behavior and the formation of fibrous structures from the

molecules in solution wherefrom useful macromolecular
properties and architectures emetdaVe recently demon-
strated that suitably functionalized donor-o-acceptor (D-o-
A) molecules1* (Figure 1) are prone to self-assemble in
solution, thus introducing-coupled donor—acceptor inter-
action§™7 as complements to traditional forces in the directed
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In this communication we demonstrate how the macro-
molecular properties and solid-state ordering ofo{d:
molecules can be uniquely modulated by substituents that
experience specific intramolecular interactions with the core.
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hexamethylenetetramine (HMTA}in 2-propanol at reflux
provides tricyclic target?. The moderate yield of the final

N a P N QA T step is offset by the simple purification of the products that
Ar o A \” ) H/ Ars only involves filtration and at most a single recrystallization
o Y g 5 (for 2b).
Ar © R Solubility studies of amide®in common organic solvents
Ar/NH a R=H immediately reveal their unusual solution-phase behavior and
1 2 b R=C,Hys propensity for aggregation. Trianilidais sparingly soluble

in most organic solvents, and surprisingly limited improve-
ment comes with even dodecy2l) substituents on the
aromatic rings. This behavior is in contrastltio (Figure 1),
which shows good solubility in a broad range of organic
solvents at room temperature. Most interesting is the behavior
of 2b in halogenated solvents (e.g., chloroform, carbon
tetrachloride, and 1,1,2,2-tetrachloroethane) where it rapidly
(in minutes) forms optically clear gél$ollowing heating
and cooling. For chloroform, the most effectively gelled
solvent, complete immobilization of the solution is observed
at~0.5 wt % (the critical gelation concentration) with a-sol
gel transition temperaturd ) of 57 °C, the highest value
that we have observed for this class of gelators thus far.
d Moreover, the chloroform gels o2b show no sign of

¢ precipitation after months at room temperature. The DMSO
gels oflaare comparatively less staBléut this difference
can only partially be attributed to the additional alkyl chains
of 2b. Derivativelb requires both higher concentration (ca.
2 wt %) and lower temperature-(L5 °C) for aggregatior?

with the compound remaining freely soluble in chloroform

Figure 1. Aryl-functionalized donor-g-acceptor molecules.

Triamides of the 1-aza-adamantanetrioBeme introduced
that show enhanced aggregation properties relativeatad
form stable and ordered assemblies in solution, the gel phase
and the bulk. Studies implicate the amide groups in this
disparate behavior, but not through their participation in
traditional intermolecular hydrogen-bonding interactions.
Featured are intramolecular seven-membered ring N
H(amide)--O(ketone) H-bonding and favorable electrostatic
interactions between the opposing core and amide dipoles.
The effects mutually stabilize (1) @-symmetric conforma-
tion of the monomer that is “active” in self-assembly an
(2) ground states-coupled donor—acceptor interactions a
the core. The latter intramolecular “solvation” of thedPA
core by peripheral dipolar functional groups appears as a
new way to tune the electronic and macromolecular proper-
ties of these systems.

The synthesis of the 1-aza-adamantanetrione trianfides

is outlined in Scheme 1. Bromomethylated phloroglucinol &t F00m temperature.
Freeze-dried samples of the chloroform gel2bfwere

studied by SEM (Figure 2a,b). Unlike the fibrous morphology
of the dried gels ofla and many organogelatotshere a
lamellar architecture is observed that in some regions appears
as layered slabs of fairly uniform thickness (28800 nm,

Scheme 1. Synthesis of Amide-Functionalized
1-Aza-adamantanetrion@s

1. KCN, . : . .
oMe acetone, 1.S0Cl,, Figure 2a) and in others more typical curved, wrinkled sheets
Br Br H0.67% o, CO,H__quant (Figure 2b)!' X-ray diffraction (XRD) studies (Figure 2c)
MeO oMe 2 NaOH, 2 AN, ANH,, also reveal this long-range periodic order for the neat (solid)
EtOH, NEt,, . : .
. H,0. 99% HE samples oRb where an intense low-angle peak is observed

at a d-spacing of 30.1 A (001) and two higher-order
reflections are found at 15.1 A (002) and 9.7 A (003). Also
evident is a diffuse band attributable to packing of the alkyl

CH,Cly, A
ArHN _71-88% N side chainsd = 4.7 A). Of particular relevance &b, similar
O 2 HMTA, layered (smectic) structural order has been characterized for
MeO OMe i-PrOH ) ]
o propeller-shaped metallomesog&nand for bowl-shaped

CTVs and calixarene’$:*4 Interestingly, bothla and 1b,

Oy, NHAr 1. BBr,,

5  NHA . : . I
r which lack amide functions, show significantly weaker XRD
a Ar=CHs (89%) a Ar—CeHs (43%)
a* Ar = CgHg; "N-enriched (90%) a* Ar = CgHs; "®N-enriched (53%)
b Ar = CeHy-p-CioHas (71%) b Ar=CeHs-p-CioHas (35%) (10) At these conditions the mixture is turbid and stable to inversion.

The material “melts” sharply at ca:5 °C upon warming.

(11) For recent examples of gelators that show lamellar architectures,
o ) ) ) ) see: (a) Kolbel, M.; Menger, F. MChem. Commur2001, 275-276. (b)
derivative 3% is converted to tricarboxylic acid through thl)ng, Jk H.; Shinkai, S.; Shimizu, Ehem.hEur. J2002,8, 2684—2690.

: T~ : f c) Park, S. M.; Lee, Y. S.; Kim, B. HChem. Commun2003, 2912—
benzylic substitution with cyanide followed by base-catalyzed 54,5 4 Jang’ w.-D.: Aida, TMacromolecule€2003, 36, 8461—8469.
hydrolysis of the nitrile functions. Activation of the triacid  (e) John, G.; Jung, J. H.; Masuda, M.; Shimizu,LRngmuir 2004, 20,

i i i i 2060—2065. (f) Moreau, J. J. E.; Vellutini, L.; Wong Chi Man, M.; Bied,
anq SUbseque.m amlde bond fo.rr.natlon Wl.t.h an apprOp”ateC.; Dieudonné, P.; Bantignies, J.-L.; Sauvajol, J@hem. Eur. J2005,
aniline derivative gives$. In addition to aniline (to afford 11, 1527-1537. (g) Tanaka, S.; Shirakawa, M.; Kaneko, K.; Takeuchi, M.
5a), ®N-enriched aniline imparts an isotopic proldsat), Shinkai, S.Langmuir2005,21, 2163—-2172.

and p-dodecylaniline introduces a solubilizing substituent ﬁgg Zheng, H. Swager, T M. Am. Chem, S0a994, 116, 781 7 o2

(5b). Deprotection of the core with BBand cyclization with 2001—-2011.
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Figure 2. Structural order within amide-functionalized 1-aza-
adamantanetriones (a, b) SEM images of a xerogel formed from
freeze-drying the 0.5 wt % chloroform gel &fb; (c) X-ray
diffraction pattern of nea2b at 21°C.

patterns and numerous Bragg peaks at room temperature fo

their solids (not shown).

The role of the amide functions in the self-assembly

behavior of 2 could be probed through IR and NMR

measurements and by computational analysis. The lowes

energy conformép of the simplified aza-adamantanetrione

core bearing one anilide substituent and two methyl substit- (v N=H--O
uents (Figure 3a) displays seven-membered ring H-bonding

Figure 3. Computational analysi$:(a) top view of the low-energy
conformation of a simplified version dfa; (b) the “active” self-
assembling conformation ¢fa based on computation and spec-
troscopic studies (top view as a space-filling representation); (c)
the superimposed energy-minimized structurekasforangej and

2a; hydrogen atoms have been omitted for clarity. Hydrogen
bonding is shown by the dashed lines. All molecules are racemic.

that asymmetridH-bonded conformation of triamid&exists
as the “active” self-assembled conformer follows through
spectroscopic studies in solution and the solid state.

To assess H-bonding withihwe performed IR and NMR
studies with2a,b and commercially availablé&l-phenyl-
acetamideb (Figure 4a, inset)® The model shows predict-
able amide behavior in solution (solid line); at 0.2 M in
CHCI; a sharp absorption is observed at 3440 €rhat
represents the solvent-associated (“free”) NH stretch, while
a broad absorption is detectable at 3325 tarising from
intermolecular amideamide H-bonding*??The latter peak
grows in at higher concentrations and is not seen below ca.
10 mM. The IR spectrum o2b (Figure 4a, dashed line)
shows asinglg moderately sharp NH absorption at 3360
cmtin CHCl; at 3.4 mM (0.25 wt %¥2 The shift of the
amide NH absorption oRb to this unique frequency is
consistent with seven-membered ring H-bonding involving

ithe amide NH and ketone carbonyl group; similar frequencies

are reported for intramolecularly H-bondgeketoamide¥'
= 3335—3380 cm! and v N—Hyee = 3440

(19) Opposition of the peripheral amide dipoles and danacceptor

between the amide NH and the core carbonyl. Also apparentcore dipole reduces the molecular dipole moment (at the HF/6-31G* level

in this conformation is how the dipole of the ®A core
and dipole of the peripheral amide are favorably oppdéed.

la = 4.1 D, 2a = 3.4 D) butstabilizesthe o-coupled donoracceptor
interactions at the core based on the ladgevnfield'H NMR chemical
shift of the core N-a-CH, protons of 2 relative tol (A6 ~0.5 ppm) in

Transposing this lowest energy single arm conformation to halogenated and polar solvents.

all three arms of creates thé&s;-symmetric (and racemic),
propeller-shapéd conformer of2a shown as an energy-
minimized space-filling model (Figure 3b). Superimposition
shows that this conformatiéf'®is pseudoisosteric with the
predicted low-energy structure @& (orange bonds, Figure
3c) previously implicated in self-assemBl2irect evidence

(20) That the amides a2 and 6 are electronically comparable comes
through NMR studies of the monomeric species in DM&Qea. 10 mM):
NH 1H NMR chemical shift,2a = 10.0 ppm,6 = 9.8 ppm; amide C=0
13C NMR chemical shift2a = 168.0 ppm6 = 168.4 ppm.

(21) In the bulk (Nujol), exclusive intermolecular H-bonding is observed
for 6 given as a broad NH absorption at 3288 ¢nThis is consistent with
the X-ray crystal structure 06 (CSD code ACANILO1), which shows
intermolecular hydrogen bonding with an-hD distance of 2.91 A.

(22) For detailed studies of intramolecular hydrogen-bonding phenomena,
see: (a) Gellman, S. H.; Dado, G. P.; Liang, G.-B.; Adams, BJ.RAm.

(14) Dodecyl2b does exhibit an endothermic phase transition at ca. 185 Chem. Soc1991,113, 1164—1173. (b) Dado, G. P.; Gellman, SJHAm.
°C (DSC) where a viscous, birefringent texture is also observed by polarized Chem. Soc1993,115, 4228—4245.

light microscopy. The phase behavior of b@&and2b is currently being
explored.
(15) See the Supporting Information for computational details.

(23) The NH stretch frequency and Nt NMR chemical shift (vide
infra) are concentration-independent within the 3-fold concentration range
permitted by instrument sensitivity at lower concentrations and extensive

(16) The related H-bonded substituent conformation that inverts the amide aggregation at higher concentrations. The peak at 3360 @mbserved

group (not shown) is calculated to be 3.7 kcal mdiigher in energy (at
the HF/6-31G* level).

(17) Mislow, K. Acc. Chem. Red.976,9, 26-33.

(18) TheCy-symmetric conformer with two amides H-bonded to a single
carbonyl suffers from steric repulsion between the aromatic rings.
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as the sole band in the NH region in the bulk (Nujol) and the gel phase (at
0.50 wt % by ATR-IR spectroscopy).

(24) (a) Chiron, R.; Maisonneuve, P.; Graff, €. R. Acad. Sci. Paris,
Ser. C1973,276, 105—108. (b) Chiron, R.; Graff, YSpectrochim. Acta,
Part A 1976,32, 1303—1310.
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s the upfield limiting chemical shift of 7.0 ppm that represents

the monomeric species in this solvéhtThat the amide
a) chemical shift of2b remains downfield of this value at the
highest accessible NMR temperature reflects stable ag-
gregates in solution and exclusive intramolecular H-bonding
to the core.

Final evidence for theC;-symmetric conformation pro-
posed for2 (Figure 3b) comes through solid-state NMR
studies performed witB®N-enriched2a* (Scheme 1). The
N CPMAS NMR spectrum (Figure 4b) shows one sharp
peak for the three equivalent amide nitrogens 241.9 ppm,
while the 3C CPMAS NMR spectrum (Figure 4c) reveals

transmittance (%)

3500 3400 33'00 3200 two carbonyl resonances, one from the amides (169.5 ppm)
wavenumbers (cm"') and one from the three equivalent core ketones (197.0 ppm).
b) c) These results importantly contrast with the previously

obtained**C CPMAS NMR data forla, which revealed
multiple 13C resonances and a loss of symmetry in the solid
state? Taken together with the powder XRD resushows

both long-range and local order in the bulk. With these data
in hand and ready access to derivatives through synthesis
(Scheme 1), we are undertaking detailed structural investiga-
tions to elucidate a general model for the packing &%22

% W In summary, amide-functionalized D-o-A molecul@s

show enhanced self-assembly properties in solution and
significantly more order in the solid state relative to
congenersl. Spectroscopic and computational studies im-
50 -150 -250 -350 200 180 160 plicate a unique interplay between the amide functions and
ppm ppm the donoreg-acceptor core in this behavior, where intramo-
Figure 4. (a) The IR spectrum o6 at 0.2 M in chloroform (solid lecular hydrogr—_zn bonding a_md dipolar interactions S.tablhze
line) shows both a “free” amide NH stretch (3440 dnand the Cs-symmetric conformation of the monomer requwgd for
evidence for intermolecular H-bonding (3325 T the spectrum self-assembly. We are currently exploring in more detail how
of 2b at 3.4 mM (0.25 wt %; dashed line) shows exclusive neighboring dipolar functional groups can tune dheoupled
intramolecular H-bonding (3360 crf); the **N (b) and3C (c) donor—acceptor interactions in these molecules toward

CPMAS NMR spectra o2a* reveal a symmetrical monomer in  f,4her controlling their macromolecular behavior in solution.
the solid state. Starred peaks represent sidebands.
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cmt (at 1 mM in CCl)). That no “free” NH stretch is
detectable fo2b in dilute solution (to the detection limit,
~0.10 wt %) demonstrates that intramolecular H-bonding
is uniquely present, presumably coupled with monomer
aggregation.
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