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Abstract: This article describes reactions of the trivalent melamine derivatives C6H3-1,3,5-[CONHC6H4-3-N(CH2C6H4-
4-C(CHi)3)COC6H3-2-(NHCrN3(NH2XNHCH2CH2C(CH3)3))-5-Brl,  (hubM3) and (CH3),COC(O)NHCICH2O(CHz)r-
SCH2C(O)NHC6H4-2-NHC3N3(NH2)(NH(CH2)2C(CH3)r)1, (trisMr) with the bivalent isocyanurate derivatives CuHz-

l ,5.[CH(CH)2|z-2,4.[cH,ff i(o)]z(benzCA,)andc4o-2'5-[cH(cH3)2]?-3'4-[cH,ff i6[
NHC(O)12 (furanCA2) in CHCI3 to afford a series of supramolecular aggregates containing 2 equiv of the tris melamine and
3 equiv of the bis cyanurate (2 + 3 complexes). These cornplexes consist of two parallel hydrogen-bonded lattices that incorporate
36 hydrogen bonds. The structures have been characterized by 'H NMR, r3C NMR, and UV spectroscopies, gel permeation
chromatography, and vapor pressure osmometry. These techniques demonstrate that the 2 * 3 aggregates in CHCI3 solution
are stable and structurally well-defined. hubM3 is more rigid than trisM3. This difference in rigidity is used to probe the
relationship between the molecular structure of the trivalent melamine derivative and the geometry and stability of the resulting
aggregate. (hubMr):(benzCA2)3 and (hubM3)2(furanCA2)3 each seem to exist in one isomeric form; (trisM3)2(benzCA2),
and (trisM3)2(furanCA2)3 are both mixtures of isomers (due, probably, to the relative flexibility of the arms of trisMr).

t32l

Introduction
We are devcloping molecular self-assembly as the basis of a

program to design, synthesize, and characterize hydrogen-bonded
supramolecular aggregates.r-3 One impetus for this program is
the precedent in biology for self-assembly and structural stabi-
lization through networks of cooperative non@valent interactions.
These phenomena are illustrated by the folding of RNA chains
into functioning IRNA moleculesa and the stabilization of tel-
omcres by stacked cyclic arrays of hydrogen bonds,s among many
other examples.6 A second impetus is the development of mo
lecular self-assembly as a synthetic strategy for making nanos-
tructures.T

To define rules for designing aggregates that are based on
molecular self-assembly, we are preparing a series of hydrogen-
bonded supramolecular aggregates. This series will (i) sharpen
the criteria for design of self-assembled structures; (ii) explore
the thermodynamic aspects of self-assembly, especially the in-
terplay of enthalpic and entropic effects; and (iii) develop tech-
niques for characterizing noncovalently bound species in organic
solution.

The strategy that we have employed to build self-assembling
aggregates has been to use fragments of the hydrogen-bonded
latticc tbat exists in the 1:l complex of cyanuric acid and melamine
(CA.M) as thc foundation for soluble structures.s We have
described the preorganization of three melamine (M) units by
covalently linking them together through a 'hub" and'spoke"
architecture to form the trivalent melamine derivative hubM3.2'e
This molecule complexes with 3 equiv of monomeric isocyanurates
(CA) and forms highly structured I + 3 supramolecular aggre-

( I ) For a preliminary report of this work, sec: Seto, C. T.; Whitcsides, G.
M. J.  Am. Chem. Soc.  1991. I13.712.

(2) Seto, C. T.; Whitcsides, G. M. J. Am. Chem. Soc., in press.
(3) For further examples of sclf-asscmbly, see: Lehn, J. M. Angav. Chem.,

Int, Ed. Engl.1990, 29,1304. Tccilla, P.; Dixon, R. P.; Slobodkin, G.; Alavi,
D. S.; Waldbcck, D. H.; Hamilton, A. D. J. Am. Chem. Soc. 190. I I2.94flE.
Stoddart, J. F.; .t al. J. Am. Chem. Soc. 1992, I14,193. Zimmerman. S. C.:
Duerr, B. F. J. Org. Chem. 1992, 57,2215.

(4) Draper, D. E. Acc. Chem, Res. 1992, 25,20t.
(5) Kang, C.; Zhang, X.; Ratliff, R.; Moyzis, R.; Rich, A. Nature 1992,

350,126. Srnith, F. W.; Fcigon, J. Nature 1992, 350, t64.
(6)  L indscy,  J.  S.  New J.  Chem.l99l ,  /J ,  153.
(7) Whilesides, G. M.; Mathias, J. P.; Seto, C.T. Science 1991,254. t3t2.
(8) The CA.M lattice is the putative two-dimensional hydrogen-bondcd

sheet structure that forms on mixing cyanuric acid and melamine.
(9) Seto, C. T.; Whitesides, G. M. J. Am. Chem..Soc. 1990. I12.6409.

Scheme I. Schematic Representation of the I * 3 and 2 * 3
Supramolecular Aggregates

1 + 3
2+3

gates (one hubM, * three CA) (Scheme I). In this article we
describe reactions of the trivalent melamine derivatives hubM3
and trisM3 with the bivalent isocyanurates beruCA, and furanCA2
that give 2 + 3 supramolecular aggregates (Scheme II). These
systems are composed of two parallel, planar hydrogen-bonded
lattices. Our objectives in the progression from single-layer
structures (l + 3) to double-layer structures (2 * 3) have been
(i) to increase substantially the numbcr of hydrogen bonds (from
18 to 36) that stabilize these aggregates while increasing the
number of molecules involved (and thus the unfavorable entropy
of association) relatively less; (ii) to generate a more stable
structural motif; (iii) to increase the size and complexity of these
structures; and (iv) to assess the role of preorganization (rigid
hubM3 vs flexible trisM3) in the self-assembly of these complexes.

Design of Constituent Molecules. A. hubM3. The molecular
structure of the trivalent melamine derivative hubM3 preorganizcs
this compound for complexation with isocyanurate derivatives.
The crucial aspect of this organization seerns to bc a conformation
determined by the aanthranilate groups that facilitates the l80o
turn neccssary in the attachment of the melamine rings to the
central 'hub' to form aggregates based on the cyclic CA3M3
motif.2

B. trisM3. trisM3 is an analog of hubM, with more flexible
spokes than hubMl. We are interested in the interplay between
the rigidity/flexibility of constituent molecules, their ease of
synthesis, and their successful incorporation into self-assembled
structures. trisM3 has retained the ortho-substituted aromatic
ring. The amino group of the central hub of trisM3 will allow
u wentually to link thce self-assembling s)6tems together to form
large supramolecular arrays. Flexible analogs of hubM3 lead to
I * 3 aggregatc with monomeric isocyanurates that are less stable
than aggregates formed by hubM3.2 We wanted to determine
whether the enthalpy of formation of the 2 + 3 complexes, which
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Scbeme II. Self-Assembly of 2 equiv of hubM3 or trisM3 with 3
equiv of benzCA2 or furanCA2 To Give a 2 t 3 Supramolecular
Aggregate

Scheme III. Synthesis of benzCA2' and furanCA2t
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is twice the enthalpy of formation of the I * 3 complexes, is large
enough to offset the unfavorable entropy of conformation asso-
ciated with flexible spokes.

C. benzcA2 ed frnanCAl For two hubM3 or trisM3 molecules
to assemble face-to-face, the CA rings of the bis isocyanurate
derivatives must be approximately parallel. Molecular models
suggest that the CA rings in furanCA2 are almost exactly parallel.
In benzCA2, they are tilted toward each other by approximately
20o when the phenyl ring and the CA groups are perpendicular
(Scheme II); by skewing the phcnyl ring it is possible to make
the CA rings parallel. The similar stability of complexes based
on benzCA2 and furanCAr suggests that the difference in goometry
bctwecn these molecules is not important. The isopropyl groups
restrict the CA moieties to a conformation in which the CA rings
are approximately parallel and pointed in the same direction. This
preorganization minimizes the conformational entropy lost on
forming the 2 * 3 aggregates.

Results
Sef-Assembly of 2 + 3 Supremolecular Aggregates. Scheme

II outlincs the self-assembly of the 2 * 3 complexes. The following
discussions will focus on (hubMr)z(benzCA2)3 and (trisMr)2-
(benzCAz)r; the results obtained for (hubM3)2(furanCA2) 3 and
(trisMr)z(furanCA2)3 are analogous and are not outlined in dctail.

Synthesis of Components. The synthesis of hubM3 has been
dccribcd previorsly.2 The syntheses of benzCA2, furanCA2, srd
trisM3 are outlined in Schemes III and IV.

Prepentioo of Supramolecular Aggegates. hubM3 and trisM,
are readily soluble in CHCI3 (>15 mM), but the solubilities of
benzCA2 and furanCA2 in this solvent are low (<0.1 mM).
Simply mixing 2 equiv of hubM3 with 3 equiv of benzCA, in
CHCI3 at room tcrnpcrature does not afford (hubM3)2@enzCAr)r,
because the benzCA2 docs not dissolve. To prepare 2 * 3 com-
plexes, we used three similar strategies (which we outline for the
preparation of (hubM3)2(benzCAz):): (l) hubM3 and bcnzCA,
were dissolved in a l:l mixture of MoOH and CHCI3 to afford
a homogeneous solution; (2) hubM3 and bcnzCA2 were suspcnded
in CHCI3 containing SVoMeOH and heated briefly (-10 s) until
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(f) cyanuric chloride, THF, 0 oC; (g) NH3, THF, 0 "C, 947o (two
stcps); (h) neohexylamine, THF, reflux, 83Vo; (i) F3CCO2H, CH2CI2,
25 oC, 94Va; (i 0.33 equiv of 13, DCC, l'hydroxybenzotriazole, THF,
25 oC.88Vo.
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H NH2

nro"'i-rA t'e , T
V r-Boc'N

1 5



8 8 8  6

o 55nm

I l- 319"'o 255m
270 nm

I
l l t f

I + 3 and 2 * 3 Supramolecular Aggregates

ngurc t. Titration of hubM3 with benzCA2 monitored by UV spec-
trcopy (0.1 mM in CH2CI). The insct graph shows plos of ahorbance
vs cquivalens of benzCA2 for two separate runs (A and B). Bcyond the
2:3 stoichiometry (1.5 equiv of bcnzCA2) the UV sp€ctrum docs not
changc.

thc solution bccame homogencous; (3) hubM3 and benzCA2 were
srspcndod in CHCI3 and hcatod at reflux until the solution became
homogcneous (-5 min). In each qre, concentration of the
solution in vacuo to dryness afforded the 2 * 3 aggregate as a
white solid that was rcadily soluble in CHCI3. Analyscs of com-
plexcs formed by cach of these methods were indistinguishable.

Qurfitrdve Evidmoe fq tte Forntioo oI 2 * 3 Srpnmoleorhr
Agrtgrtes. If more than 1.5 equiv of benzCA2 was present, the
exccssbcnzCA2 did not dissolve in CHCI3. This result suggests
a 2:3 stoichiomAry for the conrplex betwecn hubM3 and benzCAr.
Experiments using trisM3 and benzCA2 or furanCA2 in CHCI3
also indicatcd stoichiometries of 2:3.

(hubM3)2(beuzCAJ3 end (hubM3)2(fimrcAJr. A. Cherac-
terizetion of (hubM3)2(benzCAJr by W Spectrccopy. The
change in tr 

", 
ftom 270 nm in free hubM3 to 255 nm in

(hubMr)dbcnzCAJr on titration of hubM3 with benzcAz (Figure
l) is consistent with a 2:3 stoichiometry. Beyond this stoi-
chiometry, no further changes occur bccausc the added benzCA2
docs not dissolve.

B. Ctrncterizrtion of (hubM3)2QenzCAr)s by rH I{MR
Spectrccopy. Tltrdotr of bubM3 with beozCA2. Figure 2 shows
the titration of hubM3 with benzCA2 in CDCI3 as monitored by
rH NMR spectrcopy. Thc rcsonanccs in the spectrum of hubM3
in CDCI3 are broad bccause of self-association and hindered
rotation around the amide and RNH triazine bonds. In the 2:l
mixturc betwecn hubM3 and bcnzCA2, sharp resonanc€s appear
tbat corrcspond to (hubMr)z(bcnzCA)3 against a background
of uncomplcxed hubM3. The hydrogen-bonded imide protons (y,
/) at d 14.8 and 15.5 ppm and resonanc€s for free (broad) and
bound (sharp) ncohexyl groups and 4-tert-butylbenzyl group in
the rcgion 2.H.8 ppm are clearly visible. In this mixture,
one-third of the hubM3 is present as fully formed (hubM3)2-
(bcnzCAtr, 8nd two-thirds of the hubM3 remains uncomplexed.
Exchangc betwccn frce and bound species is slow on the NMR
time scale. A solution of hubM3 that has less that 1.5 equiv of
bcnzCA2 (i.c., bclow thc 2:3 stoichiometry required for
hubM3/bcnzCA) contains only free hubM3 and (hubM3)2-
GcnrcAr3 and dm not contain partialb forrred complexes with
stoichiomctrics other than 2:3. These observations suggest that
formation of (hubM3)r(bcnzCA2)3 is a coopcrative process. At
the 2:3 ratio of hubM3 to benzCA2, the hubM3 is fully complexed;
furthcr addition of bcnzCA, ds not change the spectrum because
it docs not dissolve. The top spectrum of Figure 2 shows hubM3
and bcnzCA2 in a ratio of 2:*6'; the 3 equiv of benzCA2 beyond
that rcquircd for formation of the 2 * 3 complcx rcmain insoluble.
We bclievc that thc minor resonances in the spcctrum of
(hubM3)2(bcnzCA2)3 are associatcd with geometrical isomers of
(hubM3)2(benzCA)3 (scc the Discussion section). The spcctra
of hubM3 and benzCA2 in DMSO-d6 illustrate thc effcct of
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Figure 2. rH NMR spectra of mixtures of hubM3 with benzCA2 (500
MHa CDCI3). The pcak assignmenrs are shown at the top of the figure.
The bottom two spectra show hubM3 and benzCA, alone in DMSO-d6
for reference. Several of the minor resonances that we believe conespond
to other geometrical isomers of the complex have been marked below the
base line of the top spectrum.

(hubM3)2fiienfAdg

-*/
Figure 3. Intermolecular NOEs (7o) among the protons in (hubMr)2-
(benzCA2)3. The NOEs among the hydrogen-bonded protons are shown
in the upper structure, and the NOEs among other protons are shown
in the lowcr structure. The NOEs that are not shown are either wcak
or the NOE signal is obscurcd by incompletc subtraction of othcr reso
nances in thc diffcrence spectrum.

breaking up self-association due to hydrogen bonding in these
compounds.

C. Charecteristic Feetures of the tH NMR Spectnrm of
(hubMr)r(benzcA2)3. l. Assignment of hotom. (hubM3)1

Equiv of BenzCA2
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Figure 4. Gel pcrmeation chromatograms of free and complexed hubM3
and trisM3. Thc small peak at I 1.5 min is p-xylene used as an internal
standard. The elution solvcnt was methylene chloride unless indicated
otherwise. The bottom chromatogram shows polystyrcne (av MW 5050;
polydispcrsity = 1.05) for referencc. (hubMr)z(benzCA2)3 and
hubM3(neohcxylCA)3 (a less stable complex that shows substantial
tailing) eluted with chloroform are also shown for comparison. In CHCI3,
no pcaks are detectable for (trisM3)2(bcnzCA2)3 or (trisMr)2(furanCA2)3.

(benzCA)3 has bcen characterized using fl + D exchange,
COSY, and NOE exp€riments. The assignments of resonances
are shown in Figure 2; the NOEs are summarized in Figure 3.

2. Nucleer Overheuser Effects. The proximity 1-2.5 A) of
the hydrogen-bonded NH protons in (hubM3)2(benzCA)3 results
in strong intermolecular NOEs among these protons (Figure 3).
Intermolecular NOEs between protons on the spokes of hubM3
and the bcnzylic protons of bcnzCAr arc consistent with the model
proposed for the 2 + 3 complex. The large magnitudes of these
NOEs indicate that the structure of (hubM3)2(benzCA)3 is
welldefined and stable in solution. We do not s€e NOEs between
protons in adjacent layers of the complex. This observation is
consistent with the spacing berween thesc layers suggested by CPK
models (-4.8 A).

3. Hydrogen-Bondd hotons. The imide prototls of benzCA2
(y, y') are equivalent in the uncomplexed mol@ule, appearing at
6 I1.6 ppm in DMSO-d6. In (hubM3)2(benzCA2)3 they occupy
different hydrogen-bonding sites and thus appear as separate
resonances at 6 14.8 and 15.5 ppm in CDCI3. The downfield
position of these protons indicates strong hydrogen bonds with
the melamine ring nitrogen atoms.

4. Dirstereotopic hotons. Several sets of protons that are
equivalent in hubM3 (g,g';q, q'; and r, /) and benzCA2 (y,y';
w, w'i and x, x') bccome diastereotopic in the 2 * 3 aggregate
(hubM3)2(bcnzCAJ3. The proton gl is shifted upfield by 1.6 ppm
with raspcct to g. Molecular models suggest that this shift is
causcd by througb-space shielding from the neigbboring aromatic
ring of the 1,3-diaminobenzene moiety.

D. Ctrncterizetion of (hSMr)2OenzCArr by Gel Permeation
Ctrometogrephy (GPIC). We used GPC to determine whether
the self-assembled structures exist as a mixture of species or as
single species with well-defined size. The shapcs of peaks in GPC
give a qualitative measure of the stability of the self-assembled
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6000
(hubM3)2 (benzCA2)3
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GS SO PS

Standards

Figrrre 5. Estimation of the molecular weights of (hubM3)2(benzCAz):
(o) and (trisMr)r(benzCA2)3 (o) by vapor pressure osmometry, using
four different molecular weight standards. The solid and dashed hori-
zontal l ines correspond to the calculated MWs of (hubM:):(bcnzCA2)3
and (trisM3)2(benzCA2)3, respectively. Thc four MW standards wcre
GS = ffNrbis(t-Boc)gramicidin S (MW 1342). SO = sucrose octa-
acetate (MW 679), PS = polystyrene (average MW 5050, polydispersity
= 1.05), and PC = perbenzoyl B-cyclodextrin (MW 3321). The error
bars correspond to the sum of the standard deviations of the VPO mea-
surements of the standard and unknown. These expcriments were pcr-
formed at 37 oC in CHCI, over the conccntration range 2-16 mM com-
plex. No special precautions were taken to ensure thc dryness of the
solvent.

aggregates under the times (10-15 min) and conditions of the
run.l0 We used 3 mM solutions of pxylene as an internal
standard and CH2Clr or CHCI3 as the eluent. The GPC column
was made from cross-linked styrene/divinylbenzene and had a
molecular weight cutoff of 30 kDa.

l. GPC oI2 * 3 Adducts with CHzCl2 es tbe Eluenl Figure
4 shows the GPC traces of free and complexed hubM3. hubM3
alone in methylene chloride solution is self-associated. The pcak
due to hubM3 is not detected because this peak is broadened into
the base line and because free hubMs has a weaker absorbance
at254 nm (the wavelength to which tbe LY detector is set) than
does complexed hubM3. The uncomplexcd molecule exists in a
bred distribution of self-assaiated spccies with dilferent apparent
molecular weights in solution. In contrast, (hubM3)2(benzCA)3
and (hubMr)r(furanCA2)3 give sharp pcaks in their GPC traces
at 8.7-E.8 min. These observations suggest that the complexcs
exist in solution as single species having well-defined molecular
weights. Comparison of these retention times to that of the
polystyrene standard (average MW 5050, polydispcrsity 1.05)
confirms the similar sizes of these aggregates. The pcak profrles
of the complexes are sharper than that of the polystyrene: this
observation reinforces thc conclusion that the 2 * 3 aggregates
are structurally homogeneous.

2. Pertiel Decomplexation in GFC with CTICI3 rs the Eluenl
Decomplexation of (hubM3)2(benzCA)3 that occurs during the
GPC analysis is irreversible because free hubM3 and bcnzCA2
have different molecular weights (2093 and 445, respectively) and
should separate (in principle) on the column.rr The single, sharp
peak in the GPC tracc of (hubM3)t(benzCA)3 with CH2CI2 as
the eluent shows that this aggregate does not decomplex during
the analysis. In contrast, the GPC trace of (hubM3)z(bcnzCAJr
with CHCI3 as the eluent shows a sbarp peak at 8.3 min corre-
sponding to the 2 + 3 aggregate, along with a broad peak at 9.3
min corresponding to some form(s) of decomplexed material. This
result indicates that (hubM3)2(benzCAz)r does decomplex ap
preciably during GPC analysis in the more polar solvent. The
trace of hubM3 complexed with monomeric neohexylCA is shown
in Figure 4 for comparison. This I * 3 complex [hubM3(neo-
hexylCA)rl is less stable that the 2 + 3 aggregate and thus shows
tail ing.r2'r3

(10) Stable complexes give sharp, symmctrical pcaks in GPC, while lcss
stable complexes show tailing of their peaks caused by dccomplcxation during
thc analysis. Stevens, F. J. Biochemistry 19t6, 2J, 981. Stevens, F. J.
Biophys.  J.  19t9,5J,  1155.

( I I ) The low solubility of bcnzCA2 and the self-association of hubM3 makc
their behavior difficult to predict.
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The resonances of (trisMr)r(benzCA2)3 are present in the regrons
expected by analogy with (hubMr)r(benzCA2)3, but are more
complicated in multiplicity. For example, the region from 14 to
15 ppm shows a large number of pcaks for the imide NH protons
of benzCA2 in (trisM3)2(benzCAz)r; in contrast, there are only
two resonances in this region in the spcctrum of (hubM3)2-
OenrcAil3. The spoctrum of (trisM)2(furanCAil is qualitatively
similar to that of (trisMr)2(benzCA2)r, suggesting that this ag-
gregate also exists as a mixture of isomers. Full structural
characterization of (trisM3)2(benrcA)3 and (trisM3)2(furanCAJi
by 'H NMR spectroscopy is made impcsible by this complexity.
This feature demonstrates the difficulty of using NMR spec-
troscopy to characterize supramolecular aggregates, unlcss they
are highly and symmetrically structured.

B. Ctaracterizetion of (trisM3)2(benzcAr)r by GPC. Free
trisM3 is self-associated in CH2CI2 and, similar to hubM3, shows
no discernible peals in GPC (Figure 4). (trisMr)r(benzCA2)3
and (trisM3)2(furanCA)3 each show a single sharp pcak in their
GPC trace. Although rH NMR spectroscopy suggests that these
aggregates exist as a distribution of geometrical isomers, only
species with a single molecular weight are present. The lack of
tailing in these peaks suggests that these 2 + 3 aggregates have
thermodynamic stability comparable to (hubM3) 2(benzCA2)3. If
the width of the peak in GPC is a measure, in fact, they may bc
sligbtly rnore stable than (hubM3)2(bcnzCAJr. We do not oherve
any peak for (trisMr)2(benzCA)3 using CHCI3 as the eluent.
The absence of peaks may reflect either decomplexation of the
aggregate during the analysis in the more polar and more hy-
drogen-bonding solvent andf or the low absorbance of the complex
at wavelengths above the UV cutoff of CHCI3 (-275 nm).

C. Ctrncterizetion of (trisM3)2(benzCA)r by VPO. The
calculated molecular weigbt of (trisMr)2(benzCAr, is 4.266 kDa.
The results from the VPO analysis of this aggregatc are shown
in Figure 5. The trend with internal standard follows the same
pattern as for (hubMr)z(bcnzCAj3, although the dwiation from
the theoretical values is shifted to higher moleqrlar weight. These
results suggest that, in chloroform solution, (trisM3)2@enzCA)3
is sclf-associated to a gre:;ter extent than is (hubM3)2(benzCAJr,
but they still confirm the assigned stoichiometry.

Discussion

Geometry of the 2 + 3 Aggregetes. The melamine rings in
hubM3 and trisM3 are not symmetrical; one exocyclic nitrogen
is attached to a neohexyl group while another is attached to the
spoke of hubM3 or trisM3. Each of the two hubM3 or trisM3
molecules in tbe 2 + 3 aggreg te can exist in symmetrical or
unsymmetrical forms with either a right- or left-handed twist.
There are 16 pcsible geometrical isomen of the 2 * 3 aggregates
(Figure 7). Two of these isomers are meso (AB and CD) and
14 exist as seven pairs of enantiomers.

The 'H NMR spectrum of (hubM3)2(benzCA2)3 (Figure 2)
demonstrates that most of this aggregate ()95Vo) is a single D,
or C3 symmetrical structure. There is one major sct of rcsonanees
for the six spokes of (hubM3)2OenzCAJ3. The three geometrical
isomers that have C3 symrnetry arc AB and the pair of enantiomcrs
AA and BB. Isomer AB is meso and should have a spectrum
distinct from AA and BB. Since we observe a single major set
of resonances for (hubM3)2(benzCA2)3, we believe that this ag-
gregate exists as AB or AA + BB and is not a mixture of these
isorners. The minor resonances in the spcctrum of (hubM3)2-
(benzCA)3 suggest that a small amount of this complex (<SVo)
is present in geometries other than AB or AA + BB.

The complexity of the rH NMR spectrum of (trisMr)r-
(benzCAJ3 (Figure 6) suggests that this complex exists in several
isomeric forms. A mixture of isomers is favored entropically over
a single isomer or pair of enantiomen. The enthalpies of formation
of the l6 geometrical isomers of (trisMr)r(bcnzCA)3 may bc
similar because the flexible spokes of trisM3 may allow the isomers
to be relatively free of strain.

Effects of Solvent on Self-Assenbling Systems. A. o-Di-
chlorobenzene. The 'H NMR spectra of (hubM3)r(benzCA)3
in adichlorobenzene-da, methylenc chloride-d2, and chloroform-d

-,4,4Jf-

0 .02.04.06.08.010 .0

U-l

trisM3
(DMSO-d6/

PPM

Figure 5. rH NMR spectra of trisM, in CDCI, and DMSO-d6 and
trisM3 complcxcd with bcnzCA, in CDCI3. The pcak assignments for
the spcctrum in DMSO'd. are shown at the top of the figure. The region
from 14 to 16 ppm (resonanccs for the cyanurate NH protons) is shown
for (trisM3) 2(bcnzCA2) r.

E Moleqler Weight of (hubM3)2(benzcA)3 Determined by
Vrpor hessure (hnonetry (VPO). The calculated molecular
weigbt of (hubM3)2GcnzCAJ3 is 5.519 kDa. We determined the
molccular weight of (hubM3)z(benzCAJ, by VPO in CHCI3
solution (Figure 5), using four different standards against which
to calibrate the results. With sucrce octaacctate (MW = 679),
polystyrcne (MW 5050, polydispcrsity = 1.6tr, and perbenzoyl
p-cyclodcxtrin (MW = 3321) as standards, the experimental
molecular weights of (hubM3)z(benzCAr), were 5.1 + 0.4,5.2
+ 0.5, and 5.9 + 0.3 kDa, rcspcctively. These standards do not
form strong hydrogen bonds and should not be self-associated in
chloofcm solution. Since th€se three standards gave expcrimental
molccular wcights for (hubMl)z(benzCAr), that were within
*,10% of thc calculated value, we infer that the 2 + 3 aggregate
has a molccular weight in solution that corresponds to the cal-
culatcd value and that the aggregate is also not strongly self-
associatcd. With NJy'-bis(t-Boc)gramicidin S (MW = 1342) as
a standard, the cxpcrimcntal molecular weight was -20Vo low
(4.4 + 0.4 kDa). Sinoe gramicidin S is a cyclic decapeptide with
many hydrogen-bonding sitcs, this standard may itself be self-
assciat€d in chloroforur solution.ra The concentration dependenoe
of thc VPO data for this standard is consistent with sclf-associ-
ation.ra This rcult would cause the predicted molecular weight
of an unknown to be low. These data show that the molecular
weight of a complex obtained by VPO depcnds strongly on the
choicc of the molccrrlar weight standard. We therefore believe,
at the cuncnt statc of understanding of nonidealities in these
classcs of omplexcs, tbat it is cscntial to usc a number of internd
standards and to obtain data over a range of concentrations in
order to gencrate intcrpretable results by osmometry.

(HsM3)2(bazCAJs rnd (fisM3)2(furrnCAJr A. Cterrc-
tcrizrdoo of (EbM3)2OcrzCA2h by tH NMR Spectrccopy. The
'H NMR speclrum of (trisM3)2(bcnzCA)3 indicates that this
complex cxists as a mixture of geometrical isomers (Figure 6).

(12) Although thc pcak in thc GPC tracc for hubM3(ncohexylCA)3 shows
tailing, we belicvc that a majority of this complex remains in associatcd form
during thc analysis.

(13) In GPC, retention timcs vary with the eluent. p-Xylene appears at
I1.5 min in CH2CI2 and at 10.9 min in CHClr.

(14) Scto, C. T.; Whitcsidcs, G. M. J. Am. Chem. Soc., in prcss.
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methanol. We titrated a solution of (hubM3)2(benzCAr)r in
chloroform-d with aliquots of methanol-do and monitored the
changes in the 'H NMR spectrum.lT The resonances remained
sharp with only small changes in chemical shifts in solutions that
contained up to I 5Vo v f v methanol-da; we infer that the compo-
nents remained aggregated in these solutions. At higher con-
centrations of methanol-da, the resonanc€s became broad and the
spectrum resembled an overlay of the individual spectra of hubM3
and benzCA2 in chloroform-df methanol-do mixtures. We infer
that, in these solutions, the (hubM3)2(benzCA)3 had mostly
decomplexed into free hubM, and bcnzCAr."

The I * 3 complex hubM3(neohexylCA)3 is not stable in so-
lutions of )5Vo methanol/chloroform. The stability of the 2 *
3 complexes is significantly the greater of the two, an effect we
attribute to doubling the number of hydrogen bonds in the
structure.

Conclusions
Cherecterizetion of Moleculsr Aggregates. The combination

of NMR spectrmcopy, gel permeation chromatography, and vapor
pressure osmometry provides sufficient information to establish
the structure and stability of hydrogen-bonded aggregates and
to suggest their relative stabilities. At the start of thc experiments,
we knew the molecular structures of the components and were
interested in how these components fit together in the self-as-
sembled aggregate. NMR spectroscopy provided information
about the gcometry of the complexes and about cooperation in
their formation. NOE measurements indicated the spatial rela-
tionships between components. GPC was a particularly useful
technique for characterization, because it provided information
simultaneously about the size, molecular weight distribution, and
stability of molecular aggregates. VPO provided information about
the stoichiometry of components in the aggregatcs; interpretation
of results from VPO was complicated by their dependence on the
MW standard chosen and by interactions between aggregates.
We believe that our analysis of these assemblies provides good
evidence for the structures we have proposed, although all of the
methods require inference.le

Flexible Spokes. The geometries of the 2 * 3 aggregates are
inlluenoed by the rigidity/flexibility of the spokes. The rigid spokc
of hubM3 cause (hubM:)z(benzcA2)3 to exist as C3-symmetrical
isomers that are straigbtforward for characterization by tH NMR
spectroscopy. The flexible spokes of trisM, allow (trisMr)r-
(benzCA)3 to exist as a mixture of geometrical isomers that can
only be analyzeA qualitatively by tH NMR spectroscopy.

The thermodynamic stabilities of I * 3 aggregates are influ-
enced by the conformational flexibility of the spokes.2 Aggregates
based on flexMr, a molecule with flexible spokes, are lcss stable
than aggregates based on hubM3.2 This observation suggests an
important contribution from conformational entropy to the stability
of the.se aggregates. In the 2 + 3 series, we cannot detect a
difference in stability between complexes of hubM3 and trisM3,
even though we believe that aggregates based on hubM3 should
be more stable. The loss of conformational entropy associated
with the flexible spokes of trisM3 may be counterbalanced by an
increase in the enthalpy of formation of the network of 35 hy-
drogen bonds. Aggregates based on trisM3 also exist as mixtures
of geometrical isomers. A mixture of isomers is entropically
favored over a single isomer, and this factor further contributes
to the stability of the trisM3 aggregates. As far as we can infer
from GPC measurements, 2 + 3 aggregates basd on hubM3 and
trisM. have similar stabilities.

( I 7) During these experimcnts, we did not observe resonanc€s for the NH
protons of hubM3 or benzCA2 because these protons had cxchangcd com-
pletely with the methanol-do.

(18) There is no significant difference between the rH NMR spectrum of
(hubM3)2(benzCAr), in dry CDCI3 and CDCI3 that has bccn saturatcd with
water. Adrian, J. C.; Wilcox, C. S. J. Am. Chem- Soc. 1991, 113,678.

(19) X-ray crystallography may bc thc only way to prove thcir structure.
We have observed a structure in the solid state that is similar to the 2 * 3
aggregates. The solid-state structure is derived from two parallel stacked
CA3.M3 cyclic hexamers. Zerkowski, J. A.; Scto, C. T.; Whitesides, G. M.
J. Am. Chem. Soc. 1992. I14, 5473.
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Figure 7. Schematic representation of the l6 geometrical isomers that
are possible for the 2 * 3 molecular aggregates. The four conformations
that a single tris melamine can adopt are stmctures A-D (shown at the
top of the figure). This view is from the top of the aggregate, with the
hydrogen-bonded lattice lying parallel to the plane of the page. At the
bottom of the figure are shown the conformations of the bottom half of
the aggregate. The geometries of the 2 * 3 aggregates are given a
tweletter designation. The first letter corresponds to the tris melamine
that is above the page and that is indicated by heavy lines, and the second
letter corresponds to the tris melamine that is below the page and that
is indicated by dashcd lines. C'and C" indicate that conformation C has
becn rotated clockwise by l20o and 2400, respectively. The point group
of each geometrical isomer is given in parcnthescs. The brackets indicate
pairs of cnantiomers.

are similar in general form, but differ in that many of the reso-
nances appear farther downfield in the aromatic solvent.ls The
hydrogen bonds in the complex should be stronger in adi-
chlorobcnzene than in chloroform because o-dichlorobenzene is
not a hydrogen-bond donor.r6 We do not know whether the
downfield shift of the hydrogen-bonding protons of (hubM3)2-
GenrcAJ3 in adichlorobenzene compared to cbloroforrr is caused
exclusively by deshielding associated with the aromatic solvent
or is partiaily causcd by an increase in the strenglh of the hydrogen
bonds.r6 The spectra of (hubM3)2(benzCAJt in methylene
chloride-d2 and chloroform-d are almost identical, even though
the GPC results suggest that the aggregate is more stable in
methylene chloride. In GPC, dissociation of the aggregate is
irreversible bccause the free components are separated by the
column, while in NMR spectroscopy, we observe the aggregate
in equilibrium with its components. Because of this difference,
it is easier to observe dissociation of the aggregate with GPC than
with NMR spectroscopy, especially if the aggregate has a high
association constant. Thus we observe the difference in stability
of (hubMr)2(benzCAJr in methylene chloride and chloroform
using GPC, while NMR spectroscopy is not sensitive enough to
detect the difference. The ratio of Cr-symmetrical to non-C3-
synmetrical isomen of (hubM3)2(benzCAJ3 appears to be similar
in all three solvents.

B. Clloroform/Metheuol Mixhnes. The network of hydrogen
bonds in (hubM3)z(benzCA2)r is robust. Tbe complex is stable
in mixtures of chloroform/methanol that contain up to l57o

(15) Sanders, J. K. M.; Hunter, B.K. Modern NMR Spectroscopy; Oxford
University Press: New York, 1987.

(16) Williams, L. D.; Chawla, B.; Shaw, B.R. Biopolymers 1987,26,591.
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I + 3 qnd 2* 3 Supramolecular Aggregates

beucA2 rd frnnCA1 Aggregates that incorporate benzCA2
and furanCA2 have similar stabilities and similar distributions
of geometrical isomers. Thc phenyl ring of bcnzCA2 may be
skewed in the 2 + 3 aggegates so that the CA groups become
parallel, or the hydrogen-bondcd network in thesc aggregates may
be flexible enough to tolerate deviations from planarity.

Thernodynrnics of Self-Asscmbly. The 2 + 3 structures de-
scribcd herc arc significantly more stable thennodynamically than
I * 3 aggregatc asscmblcd from similar components. The dif-
ference in stability reflects the doubling of the enthalpy of for-
mation (by doubling the numbcr of hydrogen bonds formed) at
a relatively small additional price in entropy (the marginal dif-
ferencc in asscmbling aggregates from five and four particles).
Aggregation and orientation of five molecules in dilute solution
is entropically unfavorable; the aggregate only forms because of
thc large cnthalpy of formation provided by the 36 hydrogen
bonds.20

Experimentrl Section

Genenl Metbo&. NOE cxperiments were performed with a Bruker
AM 500 instrumcnt with CDCI, as the solvent. Elemental analyses were
pcrformcd by Spang Microanalytical Laboratory. THF was distilled
from sodium bcnzophcnone kctyl. Mcthylene chloride and triethylamine
wcre distillcd from calcium hydride. Dimethylformamide was dried and
stored ovcr 4-A molecular sieves. The compounds that have a triazine
unit in their chemical structures show doubling of several resonances in
their lH and rlC NMR spectra due to slow exchange of conformers
around the NHR triazine bonds.

NJV'-Dircetyl-1,$bis(rnimmethyl)-4,6diisopropylbenzene (2). This
compound was synthesized following the procedure of Parris and
Christenson2 | for thc synthesis of N,l{'-diacetyl- 1,3-bis(aminomethyl)-
4,6-dimcthylbcnzene. A l-L 3-neckcd round-bottomed flask equipped
with a prcssure-equalizing addition funnel and a reflux condenser was
chargcd with 350 mL of glacial acetic acid, 30 mL of concentrated
sulfuric acid, and 14.4 g (480 mmol) of powdered 95Vo paraform-
aldehyde. The mixturc was heatcd at 50 oC in an oil bath until all of
the solid was dissolved. Acctonitrile (27 mL) was slowly added to the
mixturc in small portions. This addition must bc pcrformed slowly in
order to avoid a vigorou exotberm. After the spontaneous reirction was
completcd, 32.5 g of l,3diisopropylbenzene (200 mmol) was added to
the mirture and the reaclion was heated at 90 oC for 15 h. The solution
was cooled to room temperature, and the solvent was removed by rotary
evaporation at aspirator pressure. The residue was diluted with 500 mL
of watcr and cooled in an ice bath. The solution was made basic (pH
- 12) with solid NaOH, and the prccipitate was collected by vacuum
filtration and washcd with I L of water. The solid was suspcnded in I
L of water, and the solution was stirred for I h. The solid was recollected,
washcd with I L of water. and air-dried on the filtration funnel. The
product was recrystallizcd from MeOH (2 crops), giving 2a.a g (80.3
mrnol, 4ffr) of thc titlc compound as a white solid: rH NMR (500 MHz,
DMSG4) 6  8 .12 ( t , . /  =  5 .1  Hz,2 H) ,7 .19 (s ,  I  H) ,7 .04 (s ,  I  H) ,4 .22
(d,J = 5.4Ha4 H), 3.08 (m, 2 H), 1.83 (s, 6 H), l .16 (d, J= 6.8 Hz,
12 H); '3C NMR (100 MHa DMSO-d6) 6 168.65, 145|12, 132.71,
129.78,121.92,39.86,27.95, 23.81, 22.45; HRMS-FAB (M + H+) calcd
for C'sH2eN 2O2 305.2229, found 305.2212.

1"$Bb(rmimnethyl)-4,5diisopropylbenzme (3). Compound 2 ( I 8.6
9,61.2 mmol) was suspcnded in l@ mL of 3 N aqueous HCI solution,
and the mixturc was heatcd at reflux for 16 h. The reaction was cooled
in an ice bath, and thesolution was made basic (pH - 13) with solid
NaOH. Thc solution was extractcd four timcs with l5GmL portions of
CH2CI2. Thc organic layer was dricd over KOH, and the solvent was
removcd by rotary evaporation at aspirator pressure. The crude product
was takcn on to the next reaction without further purification. The crude
yicld was 12.6 g (57.2 mmol, 94Vo): tH NMR (4@ MHz, DMSO-d6)
67 .22  ( s ,  I  H ) ,7 .11  ( s ,  I  H ) ,3 .70  ( s ,4  H ) ,3 .19  (m ,2  H ) ,  1 .57  (b r  s ,
4 H), l . l8 (d, J = 6.7 Hz,12 H); r3C NMR (100 MHz, DMSO-d6) 6
144.01, 137.27, 127.93, 121.05, 42.79,27.66,23.99: HRMS-CI (M +
H+) calcd for C'0H25N2221.2018, found 221.1988.

(20) Scmiquantitative estimates of the thermodynamic contributions to
sclf-asscmbly suggct thc conclusion that thc cntropy of conformation has a
largc influencc on AG1-*,;on: this conclusion is uscful in molecular design. In
dcsigning sclf-asscmbling s)6tems, thc molcculcs should bc constrained to have
similar conformations in thc frec and bound states in order to minimize this
term. Cram, D. J. Angew. Chem.,Int. Ed. Engl,19t6,25,1039. Cram, D.
J. Angav.Chem.,lnt. Ed. Engl.l9Ui.,27,l0fE. Rcbck, J.,Jr. Angew.Chem.,
Int. Ed. En91.1990,29,245. Rcbck, J.,lr. Acc. Chem. Res. 190, 23,399.

(21) Parris, C. L.; Christcnson, R. M. "/. Org. Chem. 1950, 2J, 18E8.
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Bisbiuret 4. Crude 3 (2.91 g,13.2 mmol) from the previous reaction
and nitrobiuret2 (3.91 9,26,4 mmol) were combined with 50 mL of water
and the mixture was heated at reflux for 2 h. The solution was cooled
to room temperature and diluted with 100 mL of water, and the pre-
cipitate was collected by vacuum filtration and washed with 3@ mL of
water. The product was dried in an oven at ll5 oC, giving a.al g (11.2
mmol, 85Vo) of the product as a white solid: IH NMR (400 MHz,
DMSO-d5)  d  8 .54 (s ,2  H) ,7 .71 (s ,2H) ,7 .24 (s ,  I  H) ,7 .07 (s ,  I  H) ,
6.76 (s, 4 H), 4.28 (d, J = 5.2H2,4 H), 3.09 (m, 2 H), l . l8 (d, J = 6;1
Hz,12 H); r3C NMR (100 MHz, DMSO-d6) 6 155.49, 154.03, 146.21,
132.62, 129.37,122.49,40.29,28.13, 23.85; HRMS-FAB (M + H+)
calcd for CrsH2eN6O 4 393.2250, found 393.2257.

benzcA2. A 250-mL round-bottomed flask was charged with 75 mL
of absolute ethanol and cooled in an ice bath undcr a nitrogen atmo
sphere, and 1.98 g $6.2 mg-atom) of sodium was addcd. The solution
was stirred at 0 oC until all of the sodium had dissolvcd. and then 4.23
g (10.8 mmol) of 4 and 5.09 g (5.22mL,43.1 mmol) of diethyl carbonate
were added. The reaction was heated at rcflux for 24 h and coolcd in
an ice bath, and the precipitate was collected by vacuum filtration and
washed with 50 mL of ethanol. The solid was dissolved in 100 mL of
water, and the solution was filtered to remove any solid that did not
dissolve. The filtrate was acidified to pH 2 with concentrated aqueous
HCI solution, and the precipitated product was collected by vacuum
filtration and washed with 300 mL of water. The solid was suspcnded
in 100 mL of water, and I N aqueous NaOH solution was added until
all of the solid had dissolved. The pH was then adjusted to 8.5 with I
N aqueous HCI solution, and the mixture was filtered to rcmove any
precipitate. The liltrate was then acidified to pH 2 with I N aqueous
HCI solution, and the precipitated product was collected by vacuum
filtration and washed with 300 mL of water. The solid was suspended
in 200 mL of water, stirred for I h at room temp€rature, and then
recollected by vacuum filtration and washed with 300 mL of water. The
solid was dried in an oven at ll0 oC to give 2.27 g (5.11 mmol,{8%)
of the product as a white solid: IH NMR (400 MHz, DMSGdJ 6 1l.57
(s, 4 H), 7.20 (s, I  H), 6.71 (s, I  H), 4.81 (s, 4 H),3.25 (m, 2 H), l . l9
(d,./  = 6.8 Hz, 12 H); r3C NMR (100 MHz, DMSO-d6) 6 149.94,
I 48.46, | 44.7 9, I 30. 53, 124.21, 121.7 0, 40.5 5, 27 .80, 23.48; HRMS-FAB
(M + Na+) calcd 467.1654, found 467.1655. Anal. Calcd for
C20H24N6,O6: C, 54.05; H, 5.44; N, 18.91. Found: C, 54.01; H,5.61;
N,  18.65.

2,$Dimethyl-3,4diisopropylfuran (6). A 500-mL round-bottomcd
flask equipped with a Dean-Stark trap and a stirring bar was charged
with 3,4-diisopropyl-2,5-hexanedione (17.6 g, 88.8 mmol) (mixture of
isomers, prepared according to the method of Szakal-Quin et a1.22),
p-toluenesulfonic acid (1.69 g, 8.9 mmol), and 150 mL of toluene, and
the mixture was heated at reflux for 12 h. The solvent was rcmoved by
rotary evaporation at aspirator pressure, and the crude material was
purified by vacuum distillation at aspirator pressure. The fraction that
distilled between 95 and 100 oC was collected to give 9.27 g (54.4 mmol,
58Vo) of the product as a clear, colorless oil: IH NMR (4@ MHz,
CDCI3)  6  2 .81 (m,  2H) ,2 .21(s ,  6  H) ,  1 .23 (d ,  J  =  7 .1Hz,12 H) ;  r3C

NMR (100 MHz, CDCI:) 6 143.06, 124.64, 24.29, 22.63, 13.05;
HRMS-EI (M+) calcd for C,2H2qO 180.1514, found 180.1518.

2,9Bis(azidomethyl)-3,4-diisopropylfuran (7). Compound 6 (5.0 g,
27.7 mmol), N-brornosuccinimide (9.86 g, 55.4 mmol), and bcnzoyl
peroxide (20 mg) were combined in 150 mL of CClo, and the solution
was heated at reflux under a nitrogen atmosphere for 3 h. The solution
was cooled, and the precipitated succinimide was removed by filtration.
The solvent was removed by rotary evaporation at aspirator pressure, and
the residue was dissolved in 50 mL of DMF. To the solution was added
10.8 g (166 mmol) of sodium azide and the mixture was heated at 60 oC

under a nitrogen atmosphere for 2 h. The solution was cooled to room
temperature, diluted with 400 mL of hexanes, washed six times with
400-mL portions of water, and dried over MgSOo, and the solvent was
removed by rotary evaporation at aspirator pressure. The crude material
was puriFred by flash chromatography (eluted with l:99 ethyl acetatef
hexanes) to give 2.15 g (8.18 mmol, 30Vo) of the product as a yellow oil:
rH NMR (300 MHz, CDCI3) d 4.31 (s, 4 H),2.93 (m, 2 H), 1.27 (d,
J = 7.2 Hz, 12 H); '3C NMR (100 MHz, CDCI3) 6 143.79,130.23,
46.33, 24.45, 23.19 ; HRMS-FAB (M*) calcd for C 1 2H I sN 60 262.1 542,
found 262.1532.

Bisbiuret 8. Compound 7 (2.15 g, 8.18 mmol) and20Vo Pd(OH)r/C
were combined in 100 mL of methanol, and the solution was stincd undcr
a hydrogen atmosphere for 2 h. The catalyst was removed by filtration
and the solvent was removed by rotary evaporation at aspirator pressure.
The crude diamine was combined with 2.42 g (16.4 mmol) of nitrobiuret
and 50 mL of water, and the solution was heated at reflux for 2 h. The

(22) Szakal-Quin, G.; Graham, D. G.; Mill ington, D. S.; Maltby, D. A.;
McPhail, A. T. ./. Org. Chem.l9t6, J/, 621.
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mixture was cooled to room tempcrature and diluted with 100 mL of
water, and thc prccipiuted product was collectcd by vacuum filtration.
The solid was washed with 300 mL of water and dried in an oven at I l5
oC to give 2.15 g (5.62 mmol, 69Vo) of the product as a white solid: rH
NMR (500 MHz, DMSO'd6) 6 8.57 (s, 2 H), 7.74 (br s, 2 H), 6.78 (s,
4  H) ,  4 .28 (d .  . l  =  5 .3  Hz,  4  H) ,  2 ,91 (m,  2  H) ,  l . l9  (d ,  J  =  7 .2H2,12
H); ' rC NMR (100 MHa DMSGd6) 6 155.46, 154.08, 144.84, 127.25,
34.94,23.81, 22.75; HRMS-FAB (M + H+) calcd for Cr6H27N6Oj
383.2043, found 383.2046.

ftnrnCA2. A 25GmL round-bottomed flask was charged with 50 mL
of absolutc ethanol and cooled in an icc bath under a nitrogen atmc.
sphere, and 0.97 g (2.0 mg-atom) of sodium was addcd. The solution
was stirrcd at 0 oC until all of thc sodium had dissolved, and then 2.01
g (5.25 mmol) of t and 2.48 g (2.54 mL,2l.0 mmol) of diethyl carbonate
were added. The reaction was heated at reflux for 24 h and cooled in
an ice bath, and the precipitate was collccted by vacuum filtration and
washed with 50 mL of ethanol. The solid was dissolved in 150 mL of
water, and the solution was filtered to remove any solid that did not
dissolve. The pH was adjusted to 8.5 with I N aqueous HCl, and the
solution was filtcred to remove any prccipitate. The frltrate was acidificd
to pH 2 with I N aqueous HClsolution, and the precipitated product was
collected by vacuum filtration and washed with 100 mL of water. The
solid was suspended in 100 mL of water, stirred for I h at room tem-
perature, recollected by vacuum filtration, and washed with 50 mL of
water. The solid was recrystallized from methanol and dried in an oven
at I 15 oC to give l.l3 g (2.60 mmol, 507o) of the product as a white solid:
rH NMR (400 MHz, DMSO-d6) 6 I 1.48 (s, 4 H), 4.76 (s, 4 H), 2.99
(m, 2 H), 1.20 (d, J = 7.2H2,12 H); '3C NMR (100 MH4 DMSO-d6)
6 149.50, 148.47, 142.13, 126.68, 36.49, 23.82, 22.27: HRMS-FAB (M
+ H*) calcd 435.1628, found 435.1619. Anal. Calcd for C13H22N6O7:
C,49.77;  H,  5 .10;  N,  19.35.  Found:  C,49.74;  H,  5 .12;  N,  19.31.

N-( rerr-htyloxycertonyl)ris(hydroxymethyl)aninomethene ( l0). A
250-mL round-bottomed flask was charged with tris(hydroxymethyl)-
aminomethanc (7.5 g, 60 mmol), 2-[(tert-butyloxycarbonyloxy)imi-
nol-2-phenylacetonitrile (BOC-ON) (15 g, 50 mmol), EtrN (8.25 mL,
60 mmol), and DMF (200 mL). The solution was heated at 50 oC under
a nitrogen atmoephere for 2 h. The reaction was cooled, the solvent was
removed by rotary evaporation at aspirator pressure, and the crude ma-
terial was purified by titration with cold EtOAc (55 mL). Vacuum
filtration gave 10.4 g (47 mmol, 78Vo) of the product as a white solid after
drytng under high vacuum: rH NMR (300 MHz, DMSO-d6) d 5.68 (br
s ,  I  H ) ,  4 .46  ( t , J  =7 .5  Hz ,3  H ) ,3 .52  (d ,  J  =7 .5  Hz ,6  H ) ,  1 .38  ( s ,
9  H) ;  ' rC NMR (100 MHz,  DMSO-d6)  d  158.?8,  81.58,  67.07,64.13,
31.96; HRMS-FAB (M + Na*) calcd for CeHreNOjNa244.116l, found
244.1t72.

N- ( rerr -Butyloxycerbonyl)tris[(allyloxy )methytFminomethane ( f I ).
A 250-mL round-bottomed flask was charged with l0 (5 g,2l mmol)
and DMSO (200 mL). The solution was cooled to l6-18 oC, and then
allyl bromide (10.25 mL, l17 mmol) was added, followed by finely
ground KOH (6.5 g, l17 mmol) over l5 min. The solution was stirred
at room temperature for 2 h before the solvent was removed by rotary
evaporation at aspirator pressure. The residue was partitioned bctween
hexanes (250 mL) and water (200 mL), the organic extract was washed
with brine (2 x 75 mL), dried over MgSOa, and filtered, and the solvent
was removed by rotary evaporation at aspirator pressure. The crude
material was purified by flash chromatography (eluted with 5:95 ethyl
acetate/hexanes) to give 5.75 g (16.8 mmol, 80Vo) of the product as a
colorless oil: 'H NMR (400 MHz, CDCI,) 6 5.95-5.80 (m, 3 H),
5.30-5.12 (m, 6 H),4.96 (br s, I  H), 4.02-3.96 (m,6 H), 3.70 (s,6 H),
1 .43  ( s ,9  H ) ; r rC  NMR (100  MHz ,  DMSO-d6 )  6157 .93 ,  138 .94 ,
119.77,82.37,75.07,71.55, 62.26,31.84; HRMS-CI (M + H+) calcd
for C,3H3,NO5 341 .2280, found 341 .2202.

9-[[ ( I, l -Dinrethylethoxy)cerbonylJarrino]-9-[[3-[(2-methoxy-2-oxo-
ethyl)thiopropoxyJmethyl|7, I l -dioxe-3, I gdirhiebeptedecanedioic Acid
Dimetbyl Ester (12). A lOGmL round-bottomed flask was charged with
ll (l g,3 mmol), methyl 2-thioaccrate (1.07 mL, l2 mmol), azobis-
(isobutyronitrile) (AIBN) (-10 mg), and THF (35 mL). The solution
was photolyzed for 4 h with a medium-pressure mercury lamp. The
solvent was removed by rotary evaporation at aspirator pressure, and the
residue was purified by flash chromatography (eluted with l:4 ethyl
acetate/hexanes) to give 1.67 g (2.54 mmol, 85Vo) of the product as a
colorless oil: rH NMR (300 MHz, CDCI3) 6 4.96 (br s, I H), 3.?3 (s,
9  H ) ,  3 .62  ( s ,  5  H ) ,  3 .51  ( t ,  J  =  7 .1H4  6  H ) ,  3 .22  ( s ,6  H ) ,2 .7  ( t ,  J
= 7.1 Hz,6 H), 1.84 (quin, J = 7 . l  Hz, 6 H), I .43 (s, 9 H); ' ,C NMR
(100 MHz, DMSO-d6) 6 174.36, 157.92,82.51, 72.67,71.93,62.25,
55.65,36.30,32.35,32.29,31.86; HRMS-FAB (M + Na+) calcd for
C27H4eNOr 1S3Na 682.2365, found 682.2386.

9-[[3-[ (Carboxymethyl)thio]propoxylmethyll-9-[[ ( l, I -dimethyleth-
oxy )cerbonylpnrino| 7, t l -dioxe-3, I S-dithirbeptedecenedioic Acid ( t 3 ).
A 50-mL round-bottomed flask was charged with 12 (l g, 1.5 mmol),
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NaOH (0.4 g, l0 mmol), and a l : l  mixture of THF/McOH (20 mL).
The homogeneous solution was stirrcd at 25 oC for 3 h. Thc solvent was
removed by rotary e{/aporation at aspirator pressure, and the residue was
dissolvcd in water (50 mL). The solution was ovcrlaid with EtOAc (50
mL) and acidified (pH -3) with I N aqucous HClsolution. The organic
extract was removed and the aqueous layer was washcd with EtOAc (2
x 50 mL). The combined organic residues were dricd over MgSOo and
filtered, and the solvent was removed by rotary evaporation at aspirator
pressurc to give 0.82 g (1.28 mmol, 90Vol of the product as a colorlcss
oil: rH NMR (300 MHz, CDCI3) d 9.50 (br s, 3 H), 5.07 (br s, I H),
3.62 (s, 6 H), 3.52 (t ,  " I  = 7.1 Hz,6 H),3.26 (s, 6 H), 2.75 (t ,  J = 7. l
Hz, 6 H), 1.84 (quin, J = 7.1Hz, 6 H), 1.44 (s, 9 H); r3C NMR (100
MHz, DMSO-d6) 6 176.23,157.48, 82.68, 78.54,71.94,62.E8, 36.84.
32.39, 32.28, 31.90; HRMS-FAB (M + Na*) calcd for CroHorNO,,-
S3Na 640.1896, found 640.1893.

N- ( tert-Butyloxycarbonyl)- I,2-dirninobenzene ( l5). A 25GmL
round-bottomed flask was charged with 1,2-diaminobcnzene (5 g, 46
mmol), BOC-ON (12.3 9,50 mmol), EtrN (7 mL, 50 mmol), and DMF
(100 mL). The solution was heated at 55 oC under an atmosphcre of
nitrogen for 3 h, before the solvent was removed by rotary evaporation
at aspirator pressure. The residue was partitioned between toluene (120
mL) and brine (100 mL), the organic extract was washcd with I N
aqueous NaOH solution (2 x 75 mL), brine (2 x 100 mL), dricd over
MgSOa, and filtered, and the solvent was removed by rotary evaporation
at aspirator pressure. The crude material was recrystallized from
CHCI,/hexanes ( l:l v/v) and filtered to give 6.32 g (30 mmol, 66Vo) of
the product as a white crystalline solid after drying under high vacuum:
lH NMR 1400 MHa DMSO-d6) 6 8.25 (brs, I  H),7.15 (d, J =7.5H2,
I H), 6.79 (t ,  J ='7.5 Hz,l  H), 6.64 (t ,  J = 7.5 Hz,l  H), 6.47 (d, "f= 7.5 Hz,l  H), 4.75 (br s, 2 H), 1.39 (s, 9 H); I3C NMR (l@ MHz,
DMSO-d6) 6 t51.32, 134.59, 133.M, t29.23, t29.62, I l9.96, I19.37,
82.61,31.87; HRMS-FAB (M*) calcd for C,,H,6N2O2 208.1211, found
208.r2r4.

2-[[2-] N - ( te rt - Butyloxycarbonyl ) eminolphenylleminol-&rmino-G
chlorelJ,$triazine (t6). A 25GmL round-bottomed flask was charged
with cyanuric chloride (2.88 g, 15.6 mmol), N/V-diisopropylethylamine
(DIPEA) (2.4 mL,l5.6 mmol), and THF (130 mL). The solut ion was
cooled to 0 oC under an atmosphere of nitrogen, and 3 g of 15 (15.4
mmol) was added in portions over 25 min. After an additional 40 min,
gaseolls NH, was bubbled through the solution for 90 min to afford a
heavy white suspension. The solvent was removed by rotary evaporation
at aspirator pressure, and the residue was partitioned between EtOAc
(200 mL) and brine (100 mL). The organic extract was washed with
brine (2 x 100 mL), dried over MgSOa, and filtered, and the solvent was
removed by rotary evaporation at aspirator pressure. The crude matcrial
was purified by flash chromatography (elutcd with 2:3 ethyl acctate/
hexanes) to give a.a g (13.6 mmol, 94Vo\ of the product as a white solid:
rH NMR (400 MHz, DMSO-d6) 6 9.03 (br s, I H), 8.49 (br s, I H),
7.53 (d, J = 7.4 Hz, I  H), 7.47 (br s, I  H), 1.42 (br s, 2 H), 7.1I (t ,  J
= 7 .4Hz, l  H) ,7 .04 (1 , " /  =  7 .4H4l  H) ,  1 .44 (s ,9  H) ;  '3C NMR (100
MH4 DMSO-d6) d 170.65, 168.71, 156.80, 135.95, 132.78, 130.44,
129.16,127.39,126.99,83.08, 31.75; HRMS-FAB (M + H+) calcd for
Cr4Hr8CIN6O2 337.1 178,  found 337.1 189.

LA?-IN - (tqt-Butyloxycerbonyl)eninohhenyllnino|+emim6 (re
hexylamino)-1,3,5-triazine (17). A 25G.mL round-bottomed flask was
charged with 16 (3 5 g, 10.5 mmol), DIPEA (5 mL, 30 mmol), nco
hexylamine (4 mL, 30 mmol), and THF (100 mL). The solution was
heated at reflux under an atmosphere of nitrogen for 5 h. The solvent
was removed by rotary evaporation at aspirator pressure, and the residue
was partitioned between EtOAc (150 mL) and brine (100 mL). Thc
organic extract was washed with brine (2 x 7 5 mL), dricd over MgSOa,
and filtered, and the solvent was removed by rotary evaporation at as-
pirator pressure. The crude material was purified by flash chromatog-
raphy (eluted with l:l ethylacetate/hexanes, loaded in CHCI3) to givc
3.5 g (8.75 mmol, 83Vo) of the product as a whire crystalline solid: rH
NMR (400 MHz, DMSO-d6) 6 8.78, 8.61 (two conformers, br s, I H),
8.19, 8.03 (two conformers, br s, I H), 7,57-7.34 (two conformers, br
m, I H),6.97 (m, I H), 6.73-6.58 (two conformers, br rn,2 H), 6.33 (br
s ,  I  H ) ,6 .21  (b r  s ,  I  H ) ,  3 .13  (m ,2  H ) ,  1 . , 14  ( s ,9  H ) ,  1 .38  (m ,2  H ) ,
0.84,0.82 (two conformers. s, 9 H); '3C NMR (100 MHz, DMSO-d6)
6 1 70.53, 1 70.43, l 69.5g, 1 69.54, t69.42, 1 35.49, 134.32, 129.52, 127 .61,
127 .35, EZ.EE, 46.7 2, 46.49, 40,21, 33.09, 32.97, 3 1 .7 6; HRMS- FAB ( M
+ H*) calcd for C2gHr:N7Or 402.2617, found 402.2614.

2-[(2-Aminophenyl)aminof 4aminoG (neohexylenino)- 1,3,$trirzin€
(lt). A 250-mL round-bottomed flask was charged with l7 (2.5 9,6.2
mmol) and CHrCl, (80 mL). The solution was cmlcd to 0 oC under an
atmosphere of nitrogen, and trifluoroacetic acid (15 mL) was addcd
dropwise over 20 min. The reaction mixture was stirred at 25 oC for 2
h before it was diluted with toluene (35 mL), and the solvent was re-
moved by rotary evaporation at aspirator pressure. The residue was
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partitioncd betwccn EtOAc (150 mL) and SVo aqu@us Na2CO3 solution
(75 mL), washed with brinc (2 x 70 mL), dricd over MgSOa, and fil-
tercd, and the solvent was removed by rotary evaporation at aspirator
pressure to givc 1.76 g (5.8 mmol, 94%) of thc product as a white
crystalline solid: rH NMR (400 MHz, DMSO-d6) 6 7.81, 7.71 (two
@nformers, br s, I H), 7.34,7.18 (two conformers, br s, I H), 6.76 (br
s ,  I  H ) ,6 .65  (d ,  J  =  7  Hz , l  H ) ,6 .51 -6 .46  (b r  m ,2  H ) ,6 .19  (b r  s ,  I
H), 6.05 (br s, I  H),4.71 (br s, 2 H), 3.15 (m, 2 H), 1.34 (m, 2 H), 0.82
(s ,9  H) ;  r rC NMR (100 MHz,  DMSO-d5)  6  169.73,  168.82,  129.91,
129.02,  128.54,  128.10,  120.03,  119.68,  4g. l l ,  47.9 t ,40.64,  33.19;
HRM$FAB (M + H+) calcd for CrsH24N? 302.2093, found 302.2090.

U,LBqql 2{12{+rnino6{ (3"Hinethylbutyl) anino} I J,^$trirzir}
2-yllr ninolpbcnylf ninoJ- 2-oxoethyllthiolpropoxyF l -[[ 3-[[ 2-ll2-tl4-
rnino-6[ ( 3,]direthylbutyl) rmino[ 1,3,5-triazin- 2-yl]eminolphenyll-
rmino|2-oxocthyllthiolropoxylmethyllethyllcerbrmic Acid l,l-Di-
nethylctbyl Ectcr (trbM3). A solution of the tris acid 13 (800 mg, 1.3
mmol), triazinc derivativc lt (1.2 g, 4 mmol), and l-hydroxybenze
triazolc (675 mg, 5 mmol) in THF (40 mL) was cooled under an at-
mosphcre of nitrogen to 0 oC. Addition of dicyclobexylcarbodiimide
(DCC) (1.04 g 5 mmol) was performed over l5 min and the mixture was
stincd at 25 oC for 24 h. The resulting supension was filtered to remove
dicyclohcxylurca (DCU), and the solvent was removcd by rotary evap
oration at aspirator pressure. The crude material was purified by flash
chromatography (clutcd with a 2.57o solution of McOH in CHCIr) to
give 1.68 g (l.la mmol, 88Vo) of thc product as a white crystalline solid,
aftcr drying under high vacuum: rH NMR (400 MHz, DMSO-d6) 6
10.f9.90 (br s, 3 H), 8.1I (m, 3 H),7.63-7.N (m, 7 H), 7.12-7.05 (m,
6 H), 5.7E (m, 3 H), 6.40,6.20 (two conformers, br s, 6 H), 3.42 (br s,
6  H) ,3 .33 (m,6 H) ,  3 .2E (br  s ,6  H) ,  3 .13 (m,  6  H) ,  2 .58 (m,6 H) ,  1 .72
(m,6 H), 1.40 (m,6 H), 1.38 (s,9 H),0.82 (br s,27 H); r3C NMR (100
MHz, DMSO-d5) 6 171.69, 170.71, 170.36, 169.53, 168.40, 168.21,
136. I  l ,  135.91, 134.47, 133.80, l28.gg, 129.63, I  29.40, 12't  .44, t27 .24,
81.33,72.79, 71.98, 62.20, 46.75,46.U, n.21,40.1 l, 39.31, 39.20, 33.09,
33.01, 32.38, 32.33,31.89; LRMS-FAB (M + Na+) calcd 1489, found
1489. Anal. Calcd for C6eHr06N22O'S3: C, 56.46; H, 7.28; N, 20.99;
S, 6.55. Found: C, 56.66; H, 7.33; N, 20.68; S, 6.39.

Prep.ntiotr of (hubMr)r(huCAr)3. The (hubM3):(bcnzCAz)r @rn-
plcx was prepared by dissolving 523.3 mg (0.25 mmol) of hubM3 and
i66.7 mg (0.375 mmol) of benzCA2 in a minimum amount of l:l
CH2CI2/McOH. Thc solvent was removed by rotary evaporation at
aspirator prcssure, and the rcsulting solid was dried in an oven at 85 "C
for 12 h.

Titretion of bubM3 witb benzcA2 Monitored by tH NMR Spectros-
copy. Fivc 5.G'mL vials were chargcd with the following amounts of
hubM3 and bcnzCA, (vial, amount of hubM3, amount of bcnzCA2): A,
20.9 mg (10 pmol), 0 mg (0 pmol); B, 20.9 mg (10 pmol), 2.2 mg (5
pmol); C,20.9 mg (10 pmol),4.4 mg (10 rrmol);  D,20.9 mg (10 pmol),
6.7 mg (15 pmol); E, 20.9 mg (10 pmol), 13.3 mg (30 rrmol). The solid
in cach vial was disolvcd in a minimum amount of l:l CHrClz/MeOH,
and thcn the solvcnt was removed by evaporation and the solid was dried
in an oven at 85 oC for scveral hours, The solid in each vial was dissolved
in 1.0 mL of CDCI3, thc solution was transferred to an NMR tube, and
the spcctrum was recorded at ambient temperature. For vial E, all of
the solid did not dissolve in the CDCI3.

NOE Spectre of (hubM3)2(benzCA2)3. The NOE spectra of
(hubMr):(bcnzCA2)3 were recorded at25 oC. The complex (5.0 pmol)
was dissolvcd in 0.5 mL of CDClr, and the sample was degassed with five
frcczc-pumpthaw cycles. The NOE spcctra were collected with an
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evolution period of 3.0 s and a relaxation delay of 6.0 s.
C'el Permeetion Ctrometogrephy. Gel pcrmeation chromatography

was performed using a Waters 6008 HPLC with a Waters 484 UV
detector and Waters analytical gel pcrmeation column (Ultrastyragel,
1000 A pore size). Elutions were pcrformed at room tempcrature using
HPLC-grade CH2Clr as the solvent at a flow rate of 1.0 ml/min. The
samples were prepared at concenrations of 0.1 25 mM for the complexes
and 0.25 mM for frec hubM3 and frec trisM, in CH2CI2 that contained
p-xylene (3.0 mM) as an internal reference. The injection volume was
20 pL.

Molecular Weight Determinatiom of (hubMr)2(benzCAr)r by Vrpor
Pressure Osmometry. Molecular weight determinations were made with
a Wescan Model 233 vapor pressure cmometer operated at 35 oC. Thc
molecular weights of the complexes were measured in HPLC-grade
glas-distilled chloroform at concentrations of approximately 2, 4,8, and
16 mM. At each concentration 3-4 measurements were taken. Cali-
bration curves were generated using sucrose oclaacetate (Aldrich), per-
bcnzoyl d-cyclodextrin,23 polystyrene (MW 5050, polydispcnity = 1.05)
(Polymer Laboratories), and a gramicidin S derivative in which the
ornithine amino groups had been converted to the tert-butylcarbamates
(MW 1342)2 as molecular weight standards.

fihltiotr of hubM3 with benzCA2 Modtored by tIV Spec'tccopy. UV
spectra were recorded on a Perkin-Elmer Model 551 spectrophotometer
in CH2CI2 solution. Two stock solutions were prepared. Stock solution
A was prepared by dissolving 20.9 mg (10 pmol) of hubM3 in 1.0 mL
of HPLC-grade CH2CI2. Stock solution B was prepared by dissolving
27.6 mg (5 rrmol) of (hubM3)2(benzCA2)3 in l0 mL of CH2Clr.

Four samples were prepared (sample number, amount of solution A,
amount of solution B, amount of CH2CI2): l, 100 pL,0 pL,9.9 mL;2,
66 pL, 33 pL,9.9 mL; 3, 33 1tL, 66 pL,9.9 mL; 4, 0 pL, 100 pL, 9.9
mL. A 0.30-mL aliquot of each of the samples was transferred to a
l.Gmm quartz cuvette, and the UV spectrum was recordcd from 390 to
190 nm. The quartz cuvette was rinsed thoroughly witb CHrCl, and
dried in a stream of nitrogen between each measurem€nt. Excess
benzCA2 that was added to sample solution 4 did not appreciably dissolve
and did not change the UV spectrum of sample 4.
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