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Self-Assembly Through Hydrogen Bonding:
Preparation of a Supramolecular Aggregate
Composed of Ten Molecules®*

By John P. Mathias, Eric E. Simanck. Christopher T. Seto,
and George M. Whitesides*

Learning how to control the association of many mole-
cules into single. highly-structured supramolecular aggre-
cates is a current objective in molecular self-assembly.l! =3
In this communication we report the self-assembly of a
supramolecular aggregate based on a compound containing
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nine melamine rings (M) that we have calied Hub(MMN),
(2). This molecule associates with nine equivalents of
neohexvlisocvanurate (neohex(CA) 3) to form a hyvdrogen-
bonded supramolecular aggregate of composition Hub-
(MMM), - 9neohex(CA) (4). This aggregate 1s composed of
ten molecules in three parallel CA L - M, “rosettes™ and is
stabilized by 34 hydrogen bonds.

The nonamelamine derivative 2 was synthesized by using
the procedure shown in Scheme 1. This synthesis extends a
strategy we have described previously. - 7 The m-xylvl spac-
ers between adjacent melamine rings in each arm of 2 mutch
those we have used in aggregates based on two parallel
CA, - M, rosettes.> %
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Scheme 1. Synthesis of Hub(MMM), (2).

A homogeneous solution of Hub(MMM), - 9neohex(CA)
(4) was prepared by mixing one equivalent of 2 and nine
equivalents of 3 in chloroform (Scheme 2). We have ennu-
merated at least 16 different geometrical conformers as be-
ing possibilities for 4.1 We believe that the aggregate exists
initiallv as a mixture of the many available conformers on
mixing the two different components. The conversion of this
mixture to a single supramolecular aggregate of composition
4 occurs over about 48 h at room temperature (or I min at
reflux) in chloroform, as judged by '"H NMR spectroscopy.

The supramolecular aggregate 4 was characterized by
"HNMR spectroscopy (COSY. NOE, and NOESY experi-
ments). gel permeation chromatography (GPC). and vapor
pressure osmometry (VPO). The '"HNMR spectrum of 4
(Fig. 1a) shows a sharp sct of resonances that can be as-
signed to a single conformer of the supramolecular aggre-
gate. These sharp resonances contrast with the broad. poor-
Iv-defined resonances observed in the spectrum obtained
from uncomplexed 2 in CDCl, (Fig. 1¢): the broadening of
the resonances in this spectrum may reflect hindered rotation
about amide bonds in 2 and or self-association of 2. Even in
a strong hydrogen-bonding solvent such us dimethylsulfox-
ide (DMSO). however. there is little detail in the '"HNMR
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Scheme 2. Self-assembly of Hub(MMM); - 9neohex(CA) (41, The oot - -

tioma bomers shown are just two of at least 16 possibil

spectrum of 2. The spectrum in Figure I'hn
gate immediately after mixing the co noe
progression from a mixture of confor
a single conformer (Fig. ta)is clear in 1- h
tra. The observation of discrete rosonasos 1o the different
conformers confirms that exchange ~ois hem is slow on
the NMR time scale. The six resonances with equal intensi-
ties (o . in Fig. 1a) between & — 12 =nd 16 correspond to
three sets of the two unsymmeirnicul hydrogen-bonded iso-
cvanurate protons seen in CAL M, rosette in 4. The
observation of four discrete singlets (v, Fig. 1a) between
& =1.8 and 2.1 for the four methyl substituents [(a)-(d).
Scheme 2] provides further support for the proposed struc-
ture of 4. Cooling the sample !

o
NN Y

cach

has no effect on the signi!s
observed in the "H NMR spectrum. This feature strengthens
the inference that the resonances observed at 29N K i»
Figure 1a belong 1o a single conformer and not to

rapidiv-equilibrating mixture of conformations.'" Nuciear
Overhauser ettects between the imide protons on the socsan-
urate molecules (3) and those of the melamine rings 1 2 con-
firm the geometry of the hydrogen-bonded regions. und are
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notosee NOLE interactions between protons in adjucent

Mrosettes. This feature means thatwe cannot deduee,
carruously. which of the posabic conformational
somers s the thermodynamicadly preterred (observed) one.
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in these traces is a consequence of dissociation of the aggre-
gate that oceurs during the analyvsis by GPC. and more tail-
ing ix seen in CHCL, than in CHLCL,. This ditference indi-
cates that the stabtliy of 4 is lower in CHCl,. the stronger
hydrogen-bonding solvent. than it is in CH,CI, 1 Al
though dissociation occurs during analysis of 4. the GPC
results establish thut the dissociation is slow and indicate.
therefore. that 4 is surprisingly stuble,

The molecular weight a1 for 4 has been obtained by VPO
in chloroform. using four different molecular weight stan-
durds.! T Each standurd gives an observed mr that is within
13% of the calculated value of 4 (6.435kDa). Observed
molecular weights of 4 are 3.6 kDua (standard: V. N'-bis-
rerr-butoxyearbonyl-grumicidin Sy, 6.4 kDu (sucrose octu-

]
o ~LMMM), - 9neohex(CA) 4 (t=Ch) FRE T ‘ acetate). 6.5 kDa (polystyrene). 7.5kDa (perbenzoyl-fi-
g | 'w y | J cvelodextrin).
ol o i - L. N . ~ .
s | ? , W Addition of only three equivalents of 3 to one equivalent
iV / ' C Y e : ol - e acge RPRSS
b of 2 leads to forma of o S i4: e
Lk o W L o N of 1; ids to formation '(l only fully dswmblga 4 excess 2
- - remains uncomplexed. We do not observe any intermediates
(6) HUb(MMM) . 2 tsuch as HubeNMMM) - 3neohex(CA)—the single laver
o ! o HubMMM) | - 6nechex(CA) - the double
: Lite 6 on the pathway between 2 and 4. This
T s indicates that the self-assembly of 4 displavs
Posilive cooporainin
L Y T S - S-S Y
- 3
Fiz 0 HNNR pectrs 200 MHz CDCL) of 4t after equilibration and (h)
onntLimiing of the components. The spectrum of uncomplexed 2 is shown
n (o).
Retention times and shapes of the peaks for 4 (hatched) in
CHCI, and CH,CI, as the eluent are consistent with obser-
vations from other self-assembled aggregates (Fig. 2). In
each trace. p-xvlene (shaded peak) was used us an internal
standard. The trace in CH,LCl, shows a single peak for the 5 6
aggregate. The trace in CHCI, shows a much broader peak
for the aggregate with a larger degree of “tailing™ toward e o .
DY N = L= The self-assembly  of ren molecules into a  single
longer retention time. In euch case. the peaks for the ageore- ) S e
N . T S =< supramolecular ageregare (4) that is stabilized by fifiy four
gate have sharp leading edges. This teature indicates that the ; . N L
= S oUs . . hydrogen bonds demonstrates further the potential of
solutions do not contain stable self-assembled or associated . o e ) . -
S molecular self-assembly as a stategy for the preparation of
supramolecular aggregates that are furger than 4. The tailing ) ~ . A ! .
seE < = well-defined chemical nanostructures. In particular. these re-
sults illustrate that parallel hvdrogen-bonded CA, - M,
rosettes are a structural motif that is well-suited to the prepa-
‘ ration of lurge. structurally complex supramolecular aggre-
4in CH,Cl, gates.
Experimental Procedure
Hub(MMM )5 25 Trifluoroacetic acid (2.3 mL) was added dropwise to 4 solu-
tionof 1451 mg. 0.29 mmolyin CH,Cl, (10 mL)at 0 C. The reaction mixture
was warmed to 25 Cand stirred for 2 h. This solution was diluted with toluene
(20 mL) and concentruted in vacuo. The residue was partitioned between
410 CHC EtOAc (30 mL) and aqueous Nu,CO, (5% solution. 23 mL). The organic ex-
N tract was washed with aqueous Nu.CO, (5% solution. 25mL). brine
/ BRace (2x23mLy dried over MgSO,. filtered. and concentrated in vacuo to give
402mg (0.276 mmol. 935 %) of the deprotected amine as a white foum [high-res-
olution FAB-MS:m = caled for Co,H, 3, N, O, (LM + H] ") 1454.0920. found:
1434.0939]. This amine (399 mg. 0.274 mmol) was dissolved in CH,CL, (10 mL)
Polystyrere i CHZCIQ and di-isopropylethylumine (DIPEA) (0.19 mL) and the solution was cooled to
0 CoLAA-Benzene tricarbory chloride (24.2 me. 0.0913 mmol) was added and
the solution was allowed to warm to 23 C. After 90 mins. the reaction mixture
was difuted with CH.C1, (23 mL) and washed with aqueous Na,COy (5%
0'0 J T J T T i T T T solution. 20 mL). brine (2% 33 mL). dried over MgSO,. filtered. and concen-
' 2.0 4.0 6.0 8.0 10.0 12.0 14.0 trated in vacuo. The residue was purified by column chromatography (eluted
) with a solution of 7.5% NH,OH MeOH in CH,Cl, [7.5:92.5 v:i]) to give
t[min] — M2my (00737 mimol. 83% . two steps) of the product (2) as a white solid:
Fig. 2 Top and nuddle: Gel permeation chromatograms of 4 (hatched peks) correct elemental analysis.
The shaded peaks are p-xvlene. which is used as an internal standard. Bottom Received: July 12,1993 [Z 6207 IE]
Gel permeation chromatogram of polystyrene (PS) (FA 5030). German version: Angew. Chenr. 1993, 105, 1848
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